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FOREWORD 

This  is  Part  II,  Volume  C,  of  the  GPS  Definition  Study  Final  Report, 
submitted  by  Philco-Ford,  in  accordance  with  Sequence  Number  A002 
of  Exhibit  A  to  Contract  F04701-73-C-0296.  The  period  of  perform¬ 
ance  for  the  report  submitted  herein  is  from  28  June  1973  to 
28  February  1974.  The  following  figure  identifies  the  structure  of 
the  Final  Report  and  the  relationship  of  this  volume  to  the  other 
volumes  in  this  submittal. 


WDL-TR5291 
Part  II 
Volume  C 


Wk  Z.*sJ£Sx.  '’.*i  ...j'» 


r 

Im  w*r>»  ^ 


iWwesANraj^VT^^MrTnrwvv-"^ .. 


PHILCO  «©► 

PhilcoTofd  Corporation 
Western  Development  Leborelorles  Division 


«ui  i|t 

meieMtuee 

MMIII|WH*i 

•  oe  -,n 

(o%te»«  vile 

•  :nri 


iirsucixi  *m<m*i*i  •»*»*'• 


/  \ 


•  T  *p«  A  Spot 

it)  1 

1 

CORl  A 00)  i 

ICOAI  A 0011  iCDRl  A00CI  ■ 

”  - 1 - 

t 

1 

1 

_ i _ 

SUBMITTED  HUBRUARr  ISM  1 

- 1 

♦ 

IcONTNACrS 
I  DOCUMENTATION  I 


MMCTiVENES  I 

eeneosei 


i  T  tchniui  Su"iin«i « 

'  S«!l»m  T»thnit»l 

Piimt  Ifrfflj 
•  Control  Stymr 


'  I  «*|  Condition* 
1  St^tduitt 
I  IntmtrvM 

'  Cmtlxiiti 
•  SOW  luyoll 


INDICATES  10  JAN  SUBMIMAl 

INOT  INCLUDED  IN  THIS  SUBMITTAL! 


AND  '  HE  SI  ITEMS  TO  LIST 
1  MS  Dm  PiodUinf  Contquiltion  Slud« 
‘  Bf'r  *nr*  Ephrmnn  Dm  ProciHoiq 
t«l  Anllyln 

I  l|)’  l»ni|  Drt*  miration  AmlyVI 
'  S*|ti*l  Po«»n  Moniloni^  Tirhniquii 
i  ft»l>»ni«ni»rt)Cl|trli  PtotfHn^ 


CLASS  0 
USE  A  EQUIP 
'  CPCI  SMC 
1  ECM7mi 


Structure  of  Global  Positioning  System 
Definition  Study  Final  Report 


Ill 


WDL-TR5291 


PART  II  VOL.  C 

CONTROL  SEGMENT  TRADES  AND  ANALYSIS 
TABLE  OF  CONTENTS 


REPORT 


C-l 

C-2 

C-3 

C-4 

C-5 

C-6 

C-l 

C-8 

C-9 

C-10 


Summary  of  Reports 

Control  Segment  Configuration  Study 

Orbit  Configuration  Study 

Telecommunications  System  Cost  Analysis 

MCS/STC  Communications  Analysis 

MCS  Data  Processing  Configuration  Study 

MS  Data  Processing  Configuration  Study 

Reference  Ephemeris  Data  Processing  Cost  Analysis 

Ephemeris  Determination  Analysis 

Ephemeris  and  Clock  Processing  Simulations 

Signal  Power  Monitoring  Techniques 


NOTE: 


Each  individual  report  contains  a 
that  report. 


detailed  Table  of  Contents  for 


PART  II,  VOLUME  C 
CONTROL  SEGMENT 
IRADES  STUDIES  AND  ANALYSES 
SUMMARY  OF  REPORTS 


PHILCO 

Phlleo-Ford  Corporation 
Woatarn  Davatopmanl  Laboratoriaa  Diviaion 


1 

I 

i 


Report  Cl  Control  Segment  Configuration  Study 

Scope.  The  purpose  of  this  trade  study  was  to  determine  the  optimum 
Phase  I  Control  Segment  configuration  for  the  GPS.  The  Control 

1 

Segment  comprises  the  satellite  tracking,  communication,  system 
calibration,  ephemeris  determination,  navigation  data  processing, 

CS  control  and  monitoring,  data  upload,  and  status  monitoring 

r 

functions.  The  study  considers  the  impact  of  Phase  II  and  III  I 

requirements  upon  the  alternative  configurations.  The  evaluation 
criteria  are;  Phase  I,  II,  and  III  recurring  and  nonrecurring  costs, 
legacy,  system  accuracy,  functional  time-line  conflicts,  vulnerabi¬ 
lity,  implementation  schedule,  and  cost  risks  and  potential  utiliza-  j 

!  J 

tion  conflicts  for  shared  equipment.  Existing  facilities  considered 
for  use  by  GPS  were:  SCF,  NAG,  SAC,  and  NWL.  It  has  been  assumed 
that  the  reference  ephemeris  would  be  generated  weekly  at  the  NWL 
facility  in  Dahlgren,  Virginia.  Upload  and  verification  techni¬ 
ques  were  also  evaluated. 

I 

Results.  The  study  concluded  that  the  baseline  system  described  in 
detail  in  the  System  Analysis  Report,  Part  I,  Volume  C,  was  opti¬ 
mum  from  the  standpoint  of  Phase  I  cost.  Although  not  included  in 
the  baseline,  the  use  of  the  S-band  downlink  for  upload  verification 
provides  better  security  and  minimizes  the  SCF  support  requirements. 

The  use  jf  SCF  facilities  minimizes  the  Phase  I  implementation 
costs;  however,  this  approach  has  higher  total  costs  through  Phase 
III  than  a  dedicated  equipment  approach  implemented  after  Phase  I. 

1 
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Report  C?  Orbit  Configuration  Study 

Scope.  The  objective  of  this  trade  study  was  to  determine  the  optimum 
orbit  for  each  of  the  GPS  phases.  Factors  considered  during  Phase  I 
are  GDOP  and  time-in-view  at  White  Sands  Missile  Range  (WSMR) , 
satellite  elevation  angle,  station-keeping  requirements,  and  upload 
time  provided.  Factors  considered  during  Phase  IIA  are  GDOP  and 
continuous  time  in  view  of  four  satellites  at  WSMR.  Pha>e  IIB 
considered  the  requirement  to  provide  two  satellites  coverage  world¬ 
wide.  Phase  III  requires  four  useable  satellites  on  a  global 
basis.  Over  100  possible  orbit  configurations  were  computer  analy- 


Results.  The  optimum  Phase  I  orbit  configuration  was  the  SIGMA  config¬ 
uration  which  provided  time  at  White  Sands  Missile  Range,  of  2  hours 
25  minutes  with  an  average  GDOP  of  4.2.  The  Phase  IIA  choice  was 
a  subset  of  the  optimum  Phase  III  orbit  configuration,  the  CMEGA- 
2A  configuration.  The  Phase  IIB  choice  was  a  subset  of  the  3x9 
GAMMA  configuration,  studied  earlier:  the  3x3  subset  designated 
GAMMA-2B.  The  Phase  III  selection  was  the  3x8  configuration, 
OMEGA. 

Report  C3  Telecommunications  System  Cost  Analysis 


Scope.  The  annual  costs  of  various  telecommunications  facilities  are 
examined  in  this  study.  The  analysis  was  directed  toward  potential 
Master  Control  Station  and  Monitor  Station  sites.  Included  in  the 
analysis  are  costs  for  dedicated  lines,  dial-up  lines,  WATS  lines, 
and  shared  NAG  lines.  The  analysis  is  composed  of  two  areas.  The 
first  area  compares  the  various  telecommunication  links  with  res¬ 
pect  to  the  different  potential  line  types.  Within  this  area,  the 
shared  NAG  lines  approach  is  examined  in  further  detail.  The  second 
are?  examines  the  dial-up  annual  costs  as  a  function  of  several 
store-and-forwari  intervals  of  time. 


IV 


PHILCO  «5> 

Phllco-Fuid  Corporation 
Waalarn  Davtlopm*nl  Laboratorlaa  Division 


Results  .  The  recurring  telecommunications  costs  of  the  systems  are  de¬ 
pendent  upon  the  frequency  with  which  the  Monitor  Station  (MS)  data 
is  forwarded  to  the  MCS.  If  it  is  forwarded  once  per  hour  (baseline 
approach),  dial-up  line  costs  are  only  slightly  less  costly  than 
dedicated  lines.  There  is  little  advantage  to  data  compression  at 
the  MS  during  Phase  I.  Telecommunication  costs  during  Phase  III  can 
be  relatively  high,  lata  compression  at  the  site  is  the  most  effec¬ 
tive  technique  for  reducing  these  costs,  and  is  particularly  effec¬ 
tive  if  coupled  with  a  reduction  in  the  frequency  of  data  forwarded 
to  the  MCS , 

Report  C4  Master  Control  Station/Satellite  Test  Center  Communications 
Analysis 

Scope.  The  trade  study  evaluates  four  alternative  methods  of  communica¬ 
tions  between  the  Master  Control  Station  and  the  Satellite  Test 
Center.  No  attempt  is  made  by  this  report  to  recommend  any  indivi¬ 
dual  option,  but  rather  to  discuss  each  alternative  with  emphasis 
on  the  following  points:  (a)  communication  line  security  (b)  bird- 
buffer  security,  (c)  personnel  requirements,  (d)  STC  space,  (e)  new 
equipment  requited,  (f)  existing  equipment,  (g)  software,  (h)  cost. 

Results .  The  use  of  a  dedicated  bird  buffer  (BB)  at  the  STC  to  handle 
all  GPS  coordination  is  the  least  expensive,  but  creates  serious 
scheduling  and  reliability  problems.  Adding  communications  switch¬ 
ing  equipment  that  allows  the  MCS  to  be  connected  to  any  3B  relieves 
this  problem,  but  may  present  a  security  problem.  The  installation 
of  a  new  dedicated  tape  transport  and  miniprocessor  is  the  highest 
cost  approach,  but  presents  the  least  risk. 
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Report  C5  MCS  Datf,  Processing  Configuration  Study 

Scope.  This  trade  addresses  the  general  computer  configuration  to  be 
employed  at  the  MCS  for  Phase  I  of  GPS.  Specifically,  the  issue 
being  considered  is  whether  it  uses  a  single  integrated  processor 
or  separate  processors  for  on-line  control  functions  and  naviga¬ 
tion  support  functions. 

Results .  Addition  of  a  realtime  processor  to  the  MCS  to  handle  communi¬ 
cations  and  status  monitoring  functions  improves  overall  MCS 
availability  by  about  0.57..  Availability  for  communications  and 
status  monitoring  support  is  improved  by  about  0.17..  However, 
the  increase  of  about  77.  in  hardware  cost  and  about  327.  in  software 
cos t  outweighs  this  small  increase  in  availability.  Even  without 
the  realtime  processor,  MCS  availability  is  expected  to  far  exceed 
Phase  I  goals.  The  recommended  configuration  for  Phase  I  uses  a 
single  processor  for  all  MCS  functions. 

Report  C6  Monitor  Station  Data  Processing  Configuration  Study 

Scope.  This  trade  study  addresses  the  general  processor  configuration 
for  GPS  Monitor  Stations  (MS).  Specifically,  it  considers  whether 
and  how  to  employ  the  user  equipment  processor  in  the  MS  configura¬ 
tion. 

Results  .  Sharing  the  user  equipment  processor  for  MS  functions  and  user 
equipment  functions  involves  relatively  high  cost,  high  risk,  and 
low  legacy.  Using  a  separate  processor,  eliminates  the  high  risk 
factor,  and  increases  legacy.  However,  it  also  increases  cost. 
Removing  the  user  equipment  processor  provides  relatively  low  costs, 
lower  risk,  and  higher  legacy. 
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Tne  recommended  configuration  employs  a  Monitor  Station  processor, 
-•elected  to  be  functionally/electrically  compatible  with  the  user 
processor,  but  also  to  satisfy  MS  requirements.  This  processor  is 
compatible  with  the  user  equipment  receiver.  The  processor  is  re¬ 
moved  from  the  user  equipment  group,  and  the  required  subset  of  it« 
functions  implemented  on  the  monitor  processor. 

Report  C7  Reference  Ephemeris  Data  Processing  Cost  Analysis 

Scope.  This  report  analyzes  the  cost  impact  of  reference  ephemeris 

generation,  particularly  the  cost  and  flexibility  differences  between 
sizing  the  MCS  processor  to  generate  the  reference  ephemerides  and 
sizing  the  MCS  processir  to  utilize  an  outside  service  (such  as  NWL) 
for  the  reference  ephemeris  production. 

Results .  Hie  conclusions  reached  in  this  analysis  show  that  the  lease/ 
buy  decision  is  quite  sensitive  to  the  safety  margins  app’ied  to 
Phase  I  instruction  requirements.  If  the  assumed  margin  of  757.  were 
reduced  to  07.,  the  conclusion  could  be  reversed.  The  results  are 
also  sensitive  to  the  time  required  to  run  the  program.  More  refined 
estimates  shall  be  generated  before  committments  are  made. 

Report  C8  ;cmeris  Determination  Analysis 


Scope.  The  ephemeris  and  clock  model  determination  software  is  required 
co  translate  pseudoranging  data  into  estimates  of  satellite  position 
and  clock  state  in  such  a  manner  that  system  design  goals  related 
to  ephemeris  and  clock  contributions  to  user  geoposition  accuracy 
can  be  met.  Considerations,  related  to  legacy,  cost,  technical  risk, 
and  the  utilization  of  Government  resources  are  also  of  prime  import¬ 
ance.  Ihe  basic  concepts  considered  applicable  in  being  able  to  meet 
those  design  goals  were: 

a.  Simultaneous  multisatellite  processing  concept  and 

b.  A  distributed  processing  concept. 
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In  addition,  several  different  methods  of  implementation  of  those 
concepts  were  considered,  related  to  the  applicability  of  existing 
software,  filter  techniques,  and  data  management. 

Results .  Through  simulations  and  other  related  analysis,  it  has  been 
shown  that  the  distributed  processing  concept  produces  user  naviga¬ 
tion  accuracies  that  are  competitive  with  those  of  the  simultaneous 
multisatellite  processing  concept,  yet,  have  unique  computational 
advantages,  particularly,,  on  the  GPS  problem.  In  addition,  lcwer 
implementation  costs  with  a  minimum  of  technical  risks  are  achieved. 
Recursive  processing  methods  were  chosen  on  the  basis  of  their  in¬ 
creased  flexibility  in  being  able  to  incorporate  clock  state  noise. 

Report  C9  Ephemeris  and  Clock  Processing  Simulations 

Scope.  The  simulations  discussed  in  this  report  were  conducted  to  de¬ 
termine  the  ephemeris  contribution  to  the  User  Equivalent  Range 
Error  (UERE)  and  to  ascertain  its  sensitivity  to  v  arious  parameters 
which  could  affect  the  system  accuracy.  The  baseline  system  configura¬ 
tion  was  employed  and  orbit  and  Control  Segment  uncertainties  assumed. 
The  ephemeris  representation  technique  was  also  analyzed  to  deter¬ 
mine  the  optimum  approach  in  terms  of  user  processing  complexity, 
message  length,  accuracy,  and  fit  interval. 

Results .  A  distributed  processing  concept  utilizing  range  data  from  a 
station  whose  clock  is  designated  as  "master",  and  range-difference 
data  from  all  other  stations  to  determine  satellite  ephemerides  and 
satellite  clock-state  parameters  has  been  extensively  simulated  using 
the  TRACE  66  program.  Where  the  designated  station  is  the  more  norther¬ 
ly  of  the  several  tracking  stations  considered  (i.e.,  Alaska),  the 
contribution  of  ephemeris  and  clock-state  determination  errors  to 
UERE  is  9  feet,  two  hours  after  update.  The  largest  single  contri¬ 
butor  to  this  error  is  the  introduction  of  station  location  errors 
of  10  feet  in  each  coordinate,  and  these  errors  are  expected  to  be 

via 
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reduced  significantly  as  the  system  matures  into  later  phases.  While 
TRACE-66  does  not  have  the  capability  to  simulate  the  second  step  in 
the  baseline  distributed  processing  concept,  the  interrelationships 
of  all  ground  clocks  with  satellite  clocks  will  give  a  derived 
accuracy  no  worse,  and  may  be  significantly  better  than  the  results 
reported  here. 

Moving  the  location  of  the  fourth  MS  from  northeastern  USA  to  Guam 
did  not  reduce  UERE  over  WSMR,  although  global  performance  remote  from 
CONUS  was  improved,  as  expected.  Eliminating  the  fourth  MS  altogether 
increased  the  UERE  at  WSMR  to  11.1  feet.  By  designating  VAFB  as  the 
ranging  station  with  "master"  clock  status  (in  a  software  sense),  the 
UERE  contribution  due  to  ephemeris  and  clock-state  determination,  at 
WSMR  two  hours  after  update,  was  predictably  reduced  to  less  than  five 
feet,  although  global  performance  was  degraded  somewhat  by  poorer  dis¬ 
tribution  of  the  ranging  data  processed. 

Report  CIO  Signal  Power  Monitoring  Techniques 

Scope.  The  report  describes  the  use  of  star  flux  and  a  man-made  test  signal, 
both  having  known  intensity,  for  determination  of  received  power. 

Results .  Receiver  output  powers  or  the  AGC  voltages  developed  by  receiv¬ 
ing  the  signal  of  unknown  power  are  compared  to  the  corresponding 
parameter  sig'  \,  and  the  power  level  of  the  unknown  can  then  be  de¬ 
termined.  The  report  emphasizes  that  the  actual  satellite  power  can 
merely  be  inferred  from  a  measurement  of  received  power  at  the  ground 
station  because  of  unpredictable  variable  uncertainties  in  the  power 


measurement. 
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CONTROL  SEGMENT  CONFIGURATION  STUDY 


1.0  tCOR 


The  purpose  of  this  trade  study  Is  to  determine  the  optimum  These  I  control 
segment  configuration  for  the  GPS.  The  control  segment  comprises  the  satellite 
tracking,  comnunication,  system  calibration,  ephemeris  determination,  navigation 
data  processing,  CS  control  and  monitoring,  data  upload  and  status  monitoring 
functions.  The  study  considers  the  Impact  of  Phase  II  and  III  requirements 
upon  the  alternative  configurations.  The  evaluation  criteria  are:  Phase  I, 

II,  and  III  recurring  and  non-recurring  costs,  legacy,  system  accuracy, 
functional  time  line  conflicts,  vulnar ability,  implementation  schedule  and 
cost  risks  and  potential  utilization  conflicts  for  shared  equipment. 

Existing  facilities  considered  for  use  by  GPS  were; 


Satellite  Control  Facility 

(SCF) 

Naval  Astronautics  Group 

(NAG) 

Strategic  Air  Command 

(SAC) 

Naval  Weapons  Laboratory 

(NWL) 

It  has  been  assumed  that  the  reference  ephemeris  would  be  generated  weekly 
at  the  NWL  facility  in  Dahlgren,  Virginia. 

The  material  in  this  report  is  essentially  a  compilation  of  data  presented 
at  various  meetings  during  the  conduct  of  this  contract.  A  brief  amount  of 
Introductory  material  is  given  in  each  section  to  clarify  the  progression 
of  thought. 


2.0 


The  approach  taken  in  the  Control  Segment  Configuration  Study  is  shown  in 


Figure  2-1.  The  basic  system  requirements  by  program  phase  are  established 


and  employed  to  generate  alternative  network  configurations.  These  are  then 


evaluated  on  the  basis  of  cost  and  performance.  The  results  are  then  fed 


back  and  each  network  is  altered  to  optimize  its  characteristics.  The  revised 


networks  are  again  evaluated.  This  process  was  completed  three  times  during 


the  course  of  the  study. 


Figure  2-2  shows  the  analysis  and  redirection  cycles  which  occurred. 


At  contract  turn-on,  the  system  was  required  to  support  a  rotating  Y  satellite 


orbit  to  a  12  hour  period.  Alternative  Control  Segment  configurations  were 


then  developed,  evaluated  and  a  recommended  approach  was  selected.  This 


recommended  configuration  was  based  upon  the  use  of  Vandeaberg  AFB  as  the 


Master  Control  Station.  This  step  is  described  in  Section  5.1.  Philco- 


Ford  was  then  redirected  to  use  NAG  facilities  as  a  baseline  with  the  SCF 


as  an  alternative.  Five  configurations  were  then  developed,  three  based 


upon  NAG  and  two  upon  the  SCF.  The  baseline  system  was  also  defined  in 


greater  detail.  The  results  of  this  analysis  were  presented  at  the 


January  8,  1974  meeting  and  are  contained  in  Section  ,5.2.  The  alternatives 


were  then  slightly  revised  and  the  baseline  design  extended.  The  new  material 


was  then  presented  on  January  30,  1974.  This  is  given  in  Section  5.3. 


Subsequently  redirection  was  received  that  VAFB  was  to  be  the  baseline  MCS 


and  US. 


configuration.  During  October  1973,  the  satellites  were  changed  from  synchronous 


2-1,  -2,  and  -3  summarize  the  candidate  configurations  as  they 


Tables 


varied  during  the  program 


2-3  and  -A  show  the  evaluation  criteria  used  in  the  selection 


of  the  optimum  configuration  and  the  effect  of  varying  the  degree  legacy 
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CONTROL  SEGMENT  CONFIGURATION  STUDY 


FIGURE  2-2  SELECTION  APPROACH 
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FACILITY  (RCFI 
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TABLE  2-3  Candidate  Configuration  -  January  30,  1974 


ALTERNATE 

FUNCTION 

Al 

D1 

D2 

D3 

D4 

D5 

MASTER  CONTROL  STATION 

MUG 

MUG 

MUG 

MUG 

MUG 

MUG 

MONITOR  STATIONS  ® 

MINN* 

ELM 

EIM 

EIM 

EIM 

MINN* 

ULS  STATION 

KTS* 

ELM 

ELM 

EIM 

EIM 

KTS 

MINN 

MCS/ULS  INTERFACE 

stc/bb 

NEW 

NEW 

NEW 

NEW 

* 

UPLOAD  TECHNIQUE 

EXISTING  SCF 
PRACTICE 

INC  SCF 
SECURE  WORD 

CS  SECURE 
WORD 

CS  SECURE 
WORD 

CS  SECURE 
WORD 

N 

VERIFICATION  LINK 

SCLS 

L-BAND 

L-BAND 

SGLS 

SGLS 

3 

3 

ULS  SGIS  RCVR 

YES 

NO 

NO 

YES 

YES 

1 

w 

CMD  CEN  SOFTWARE  AT 

KTS 

ELM 

MCS 

EIM 

MCS 

Kl-23 

KTS 

SCF 

MCS 

EIM  | 

MCS 

®  *  *  * 
WAU  CANDIDATES  HAVE  MONITOR  STATIONS  AT  MUCU.  MAINE,  HAWAII 

*  SHARE  EXISTING  COMMUNICATIONS 


PHILCO  ca» 

Philr.o  Fnrd  Corpmalmn 
W*»1*rn  Dwv*lopm*nt  Ifthorntnn**  Dlvi«mn 


COST  VERSUS 

HARDWARE  DESIGN  &  DEVELOPMENT  (H) 

SOFTWARE  DESIGN  &  DEVELOPMENT  (S) 

SYSTEM  ENGINEERING  a  INTEGRATION  (I) 
COMMUNICATIONS  (C) 


PERFORMANCE 
ACCURACY 
UPLOAD  TIME 
VULNERABILITY 
AVAILABILITY 


Figure  2-3  Evaluation  Criteria 
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Phllco-Ford  Corporation 
Waatarn  Davalopmanl  Laboratory  Diviaion 


TOTAL  COSTS 
AFTER  10  YRS 
OF  PHASE  III 
OPERATIONS 


PHASE  I 

NON  RECURRING 
Oi 
97 


CRITERIA 
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Requirements  and  Assumptions 

The  system  requirements  during  each  of  the  three  phases  are  shown  in 
Table  3-1.  The  implementation  timing  requirements  are  shown  in 
Figure  3-1. 

The  assumed  Navigation  Processing  and  satellite  interface  characteristics 
are  listed  in  Tables  3-2  and  -3.  The  uploadirg  of  the  four  phase  one 
satellites  is  to  be  accomplished  as  a  single  continuous  process.  The  upload 
message,  including  both  ephemeris  data  and  antenna  pointing  information  for 
all  4  satellites,  is  forwarded  in  a  block  to  the  IS.  The  messages  are  then 
uploaded  in  a  single  sequential  process  into  each  of  the  4  satellites  as 
shoen  in  Figure  3-2. 

The  normal  satellite  station  keeping  functions  are  assumed  to  be  accomplished 
via  the  SCF's  SGLS  system  and  independent  of  the  GPS  network  stations  as 
shown  in  Figure  3-3. 
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TABLE  3-1  Requirements 


PHILCO 

Phiitv  pord  Corporation 
Waatarn  Davalopmant  Laboratoriaa  Division 


SUBJECT/PHASE 

— 

PHASE  1 

PHASE  II 

PHASE  III 

TEST  AREA 

WHITE  SANOS 

A  -  CONUS  14  SATS) 

B  -  WORLD  12  SATS) 

WORLD  (4  SATS) 

BACK  UP  EQUIP 

NONE 

AS  NEEDED  (AV  -  0.7) 

100%  (AV  =  0.99) 

UPLOAD 

1 00  k  BITS/SAT 

PRIOR  TO  ~EST  PERIOD 

100k  BITS/SAT 

A  -  PRIOR  TO  TEST  PERIOD 

B  -  ONCE/DAY 

100  k  BITS/SAT 

ONCE/DAY 

UPLOAD  TIME 

1/2/3/4  SATS 

20/30/40/50  MINUTES 

SAME  AS  PHASE  1 

SAME  AS  PHASE  1 

MCS/ULS  COMM  LINE 

1  HR/DAY 

2  HR/DAY 

5  HR/DAY 

MONITOR  DATA  -  QUANTITY 
DATA  FORWARDED 

800  k  BITS/DAY/STN 

ONCE/HR 

1.6  M  BITS/DAY/STN 

ONCE/HR 

5  M  BITS/DAY/STN 

ONCE/HR 

MCS/NWL  COMM  LINES 

4  HRS  EVERY  5  OAYS 

1.2  kb/iTHRUPUT  RATE 
(NO  MCSOATA  COMPRESS) 

9  HRS  EVERY  5  DAYS 

1.2  kb/s 

24  HRS  EVERY  5  DAYS 

1.2  kb/s 

Figure  3-1  Phase  I  Ground  Control  Segment 
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Phllco-Ford  Corporation 
Waitarn  Dovalopmant  Laboratoriaa  Division 


TABLE  3-2  Navigation  Processing  Assumptions 


.NAVIGATION  PROCESSING 

•  PROCESSORS  LOCATED  AT  MCS 

9  ALL  CONFIG 'S  USE  NEW  16-BIT  CPU,  WITH  65K  F.£M0RY 

•  DISTRIBUTED  EPHEMERIS  PROCESSING  APPROACH 

••  SINGLE  VEHICLE  EPHEMERIS  PROC. 

••  MULTIVEHICLE  CLOCK  PROC. 

••  PROCESSING  TIME 

OBSERVATION  PROCESSING  1.4  M IN/SAT  -  ONCE/HR 
U/L  MESSAGE  GEN  4  M IN/SAT  -ONCE/DAY 

REFERENCE  EPHEMERIDES  PROCESSING  (CALIBRATION) 

•  USE  NWL  PROCESSORS 

•  UPLOAD  PERFORMED  EVERY  5  DAYS 


niiMiiMirin  ft1'"  ■ 


TBS 


PHILCO 


Phiico-f-jx*  Cotpw'tfiO'1 


TABLE  3-3  Satellite  Interface  Assumptions 


S6LS  COMPATIBLE  TT&C  PLUS  L-BAND  VERIFICATION  DATA 
COMMAND  RATE  1000  B/S 
SELECTION  OF  PROTECTED/UNPROTECTED  UPLINK 
NAVIGATION  DATA  LOAD:  100K  BITS/DAY/SATELLITE 
TLM  BIT  RATE:  256  B/S  TLM  FRAME  RATE:  1  FRAME/SEC 
14  FT  S-BAND  UPLOAD  STATION  ANTENNA 


PHILCO 


Philco-Ford  Corporation 
Wastarn  Davalopmanl  laboratory*  Division 


PREPASS  DATA 
COMMUNICATIONS 

SAT  1  ACQUISITION 
UPLOAD 

2  ACQUISITION 
UPLOAD 

3  ACQUISITION 
UPLOAD 

4  ACQUISITION 
UPLOAD 

POST  PASS 


lllllllllllllllllllllllllllllll 


SINGLE  PREPASS 


h~: 


49  MINUTES 


I  5 
flllllllllll 


Figure  3-2  Navigation  Data  Upload  Time  Line 
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Phllco-Ford  Corporation 
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ALTERNATE 
NETWORK 
CONFIGURATIONS! 

SCF 
SAC 


o 


NAG 


NRL 


PERFORMANCE 

VERSUS 

COST  analysisI 


COMPARISON 

AND 

SELECTION 


REFINE 
CONFIGURATIONS! 


PARAMETER 

SENSITIVITY 

ANALYSIS 


Figure  l.l-l  Control  Segment  Configuration  Selection  Approach 
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4.0  Navigation  Upload  and  Verification 

The  critical  issues  affecting  the  selection  of  the  optimum  navigation  upload 
and  verification  technique  are: 

o  Cost 

o  Satellite  Complexity 

o  User  Time  to  First  Fix 

o  User  Equipment  Complexity 

o  Upload  Time 

The  alternatives  basically  revolve  around: 

Verification 

o  S-Band  Downlink 

o  L-Band  Downlink 


Security 

o  SCF  Secure  Word 

o  Incremented  SCF  Secure  Word 

o  GPS  Secure  Word 

o  GPS  Encyphered  Upload 

a.  Cost 

The  SV  must  necessarily  carry  both  the  S-band  and  L-band  transmission  equipments. 
The  Impact  of  the  selection  will  have  a  negligible  cost  effect  on  the  SV . 

The  current  baseline  US  Ls  at  the  SCF  VTS  location.  The  US  is  independent  of 
VTS  equipments  and  utilizes  the  facility  only.  The  incorporation  of  S-band 
receive  capability  would  involve  the  installation  of  a  duplexer,  paramp  and 
receiver . 

I 

I  ! 


1- 


b. 


Satellite  Complexlt 


Since  the  backup  for  the  US  is  the  SCF ,  thi  S'/  must  provide  the  verification 
status  on  the  S-band  link. 

The  addition  of  the  status  to  the  L-band  link  does  not  Increase  the  SV  complexity 
significantly. 

c .  Time  to  First  Fix 

The  largest  single  element  in  the  user's  time  to  first  fix  is  expected  to  be 
the  time  spent  waiting  for  data.  In  fact,  everything  except  the  C-code  acquisition 
can  be  done  under  the  data  collection  task  time  interval.  If,  for  example, 

the  time  to  first  fix  were  40  seconds  for  a  1200  bit  data  frame  (24  seconds  at 

50  bps),  then  each  second  sa/ed  in  data  collection  would  represent  a  2.5% 
reduction  in  time  to  first  fix. 

There  does  not  appear  to  be  any  compelling  reason  to  repeat  the  handover  word 
ad  SID  word  at  six  second  intervals  in  the  L-band  downlink.  These  repetions 
of  the  words  add  to  the  time  to  first  fix.  In  the  baseline  L-band  downlink 
each  300  bits  of  data  include  56  bits  of  handover  word,  16  bits  of  SID  and  16 
bits  of  telemetry.  Each  frame  therefore  contains  7.04  seconds  of  this  type 
data.  This  total  could  be  reduced  to  one  handover  word  and  one  SID  word  (1.44 

seconds)  ,  This  would  reduce  the  time  to  first  fix  in  this  example  by  as  much 

as  14  percent. 

It  appears  that  the  major  reason  for  breaking  up  the  downlink  navigation  data 
Is  to  transmit  the  telemetry  verification. 

d ,  User  Equipment  Complexity 

The  user  may  ignore  the  telemetry  verification  data.  This  can  be  done  with 
no  significant  increase  in  user  equipment  complexity. 


The  upload  time  (or  throughput)  is  a  function  of  the  upload  frame  size.  In 
the  range  of  interest,  the  upload  time  decreases  with  decreasing  frame  size. 

The  frame  size  is  determined  by  the  interval  between  telemetry  verification 
words . 

For  S-band  verification,  the  verification  interval  during  the  upload  function 

could  be  as  short  as  250  ms  without  interfering  with  any  other  function.  This 

-5  -4 

would  result  in  upload  times  of  110  and  130  seconds  for  BER's  of  10  and  10 
respectively.  These  high  error  rates  will  not  be  encountered  under  normal 
circumstances,  but  there  is  a  specified  requirement  for  the  SV  to  withstand 
jamming. 

For  L-band  verification,  the  verification  interval  could  be  6  seconds  (as  in  the 
baseline)  to  24  seconds.  At  6  seconds,  the  corresponding  upload  times  a -e  12  l 
and  195  seconds.  At  24  seconds,  the  corresponding  upload  times  are  129  and  360 
seconds . 

f  •  Upload  and  Verification  Technique  Conclusions 

The  following  major  conclusions  were  reached  with  respect  to  the  upload 
verification. 

1.  S-band  verification  is  superior  to  L-band  from  the  standpoint  of 
user  navigation  functions. 


2.  S-band  verification  is  superior  to  L-band  from  the  standpoint  of 
control  segment  upload  functions. 


The  initial  analysis  involved  the  tradeoff  of  L-band  versus  S-band  verifi¬ 
cation.  An  overview  of  the  analysis  and  Philco-Ford 's  initial  S-band  verificat 
verification  concept  are  presented  in  Section  4.1. 

The  first  iteration  results  were  presented  January  8,  1974  and  are  summarized 
in  Section  4,2.  Analysis  for  thi3  iteration  was  primarily  concerned  with 
error  control  and  security. 

The  second  iteration  results  were  presented  January  30,  1974  and  are  summarized 
in  Section  4.3. 

The  final  upload  baseline  is  described  in  the„SV/Control  Segment  Interface 
Control  Drawing,  HZ-237301. 

The  upload  criteria  and  their  impact  on  station  manning  and  schedule  requirements 
is  presented  in  Section  4.4. 


I 

4 . 1  Initial  GPS  Upload  Concepts 

l  This  section  describes  the  initial  Philco-Ford  analysis  of  s  eral  concepts 

*  for  clear  mode  satellite  Injection  using  a  SGLS  S-band  uplink. 

The  uplink  data  rate  is  1  kbps.  The  data  is  assumed  to  be  formatted  in  800 
bit  frames. 

The  assumed  L-band  downlink  data  rate  was  40  bps  at  the  tine  of  analysis.  The 
downlink  data  is  assumed  to  be  formatted  bit  frames  with  24  bits  available 
for  injection  status  information. 

The  ground  transmitting  station  will  receive  one  L-band  status  word  each  20 
seconds . 

Interspersing  injection  status  with  the  navigation  data  was  not  considered 
because  it  would  impose  bit  manipulation  requirements  on  the  user  segment  and 
no  such  requirement  now  exists. 

In  some  cases  injection  frame  identity  must  be  maintained  because  the  order 
of  receipt  of  data  is  not  constrained.  When  this  is  the  case,  the  uncorrectable 
error  rate  for  the  ID  field  must  be  less  than  10  ,  This  is  true  because 

the  satellite  must  know  which  frame  to  request  from  the  ground  station  when 
an  error  is  detected. 


It  is  expected  that  20  parity  bits  will  allow  correction  of  up  to  4  errors 

in  10  data  '  ts  in  the  uplink  frame  (P  •=*»  lo"^  at  bER  =  10_  +). 

u 

Frame  ID  errc detection  will  require  only  about  10  parity  bits  to  detect  4 
errors  in  10  data  bits  in  the  uplink  frame. 


a.  Injection  Logic  Concepts: 


[ 

I 

I 


1.  Idle-RQ .  -  For  this  logic,  a  block  of  frames  is  transmitted 

to  the  satellite.  The  ground  station  stops  transmitting  and 
waits  for  the  status  word  to  determine  whether  to  retransmit 
the  block  or  proceed  to  the  next  block. 


1-24 


The  throughput  for  '.his  logic  Is  approximately 

“x  *jSr<l-V 

where  n  is  the  number  of  bits  in  the  block 

t  I*  the  number  of  idle  ('.  dink)  bit  times  between  the 
Jiansaission  of  the  last  bit  of  a  block  and  receipt 
of  the  last  bit  of  a  status  word 

Pg  is  the  probability  that  a  block  will  contain  any  error 

NOTE:  This  definition  of  throughput  does  not  consider  the  fact 
that  a  fraction  of  the  transmitted  bits  are  overhead. 

For  this  basic  system  the  uplink  data  blocks  would  be  synchronized 
with  the  status  word  period  (n+t)  of  20  seconds.  Assunming  a 
propagation  delay  of  150  ms,  a  processing  delay  ot  100  ms,  and  a 
status  word  transmission  time  (for  24  bits)  of  600  ms,  each  block 
would  be  24  frames.  Tie  probability  of  error  in  24  frames  (BER  «  10"5) 
is  approximately 

PBte0.2  -  (0.2)2/2  +  (0. 2)^/6  -  (.02)4/24 

*=•  0.18 
SO 

Rta||  <l  -  °-18)  "  0*78 


Since  six  24  frame  blocks  have  to  be  transmitted,  the  expected  injection 
time  for  BER  -  10*5  is  approximately 

(6)  (20  sec)  /  0.73  -  154  seconds 

-4 

For  a  noisy  link,  say  BER  =  10  , 

Pb*>0.84 
R  0.15 

and  the  expected  injection  time  for  BER  *  10  is  approximately 


(6)  (20  sec)  /  0.15  -  800  seconds 


The  Injection  time  Is  extremely  sensitive  to  noise  (BER)  on  the 
uplink. 

2.  Simple  -  RQ.  -  For  this  logic,  the  ground  station  transmits  frames 
continuously.  The  satellite  error  checks  each  frame  and  maintains 
a  list  of  frames  received  in  error.  This  list  Is  transmitted  to 
the  ground  station,  and  the  erroneous  frames  are  retransmitted. 

This  logic  is  ultimately  limited  by  the  downlink  throughput  (24 
bits  or  two  fr.ame  numbers  per  20  seconds) . 

The  probability  of  a  single  frame  being  in  error  (at  BER  <=  10  ’’) 
la  approximately  P  -  0.008.  The  expected  number  of  retransmissions 
is  1,  and  the  nominal  throughput  is  R  a  (1  -  P^) .  This  figure 
must  be  adjusted  to  take  into  account  the  fact  that  the  erroneous 
frame  may  occur  near  the  end  of  the  injection  sequence,  and  the 
fact  that  a  final  frane  list  must  be  received  before  contact  with 
the  satellite  is  terminated. 
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Let  us  assume  that  the  erroneous  frArae  list  queue  starts  at  frame 
12,  (the  expected  time  to  first  error),  and  the  queue  is  never 
empty.  The  ground  station  will  transmit  136  new  frames  and  12 
retransmitted  frames. 

120  seconds  are  required  to  transmit  the  first  list  starting  on  the 
average  12  frames  plus  10  seconds  after  receipt  of  the  first  uplink 
frame.  One  of  the  twelve  retransmitted  frames  should  be  in  prror. 

20  seconds  will  be  required  to  determine  which.  An  additional  20 
seconds  will  be  required  to  get  the  final  empty  list. 

-4 

The  throughput  for  BER  =  10  is  approximately 

R*  -  _ 108.800 _  108.8 

5  (12)  (0.8)  +  10  +  120  +  20  +  20  “  179.6  “  U-DU0 

RQ  -  Restart.  -  For  this  logic,  the  ground  station  transmits 
frames  continuously.  The  satellite  error  checks  each  frame  and 
stops  loading  on  error  detection.  The  number  of  the  frame  in 
error  is  transmitted  to  the  ground.  Upon  receipt  of  the  reject 
status  and  frame  number,  the  ground  station  retransmits  the  remainder 
of  the  entire  load  starting  at  the  erroneous  frame. 

For  BER  *  10  one  frame  error  is  expected.  The  time  delay  for 
the  reject  status  slot  on  the  downlink  will  be  on  the  average  10 
seconds.  The  time  delay  for  the  final  status  slot  on  the  down¬ 
link  will  be  on  the  average  10  seconds.  Typically,  the  ground 
station  will  transmit  half  the  upload,  then  restart  (upon  receipt 
of  reject  status)  to  transmit  the  second  half.  The  throughput 
would  be  approximately 


Rr»  . 


108800 

108800  +  20000 


0.845 
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For  BER  =10  ,12  frame  errors  are  expected .  We  would  therefore  expect 

12  restarts.  So  the  throughput  would  be  approximately 


108,8 _ 

108.8  +  12(10)  +  10 


0.455 


Philco  Baseline.  -  The  Philco  baseline  logic  is  a  variation  of  Dual-RQ 
logic  in  which  one  of  the  links  (the  downlink  status)  uses  error  correction 
instead  of  error  detection.  Therefore,  no  RQ's  are  sent  to  the  satellite. 
The  baseline  uses  the  S-band  telemetry  downlink  with  status  ”ords  at  250  ms 
intervals.  The  logic  is  essentially  the  same  as  3  above  except  the  restart 
occurs  one  frame  following  any  erroneous  frame,  and  only  two  frames  are 


_ 108800 

10880  +  24(800)  +  t 


0.85 


b.  Major  Problems  for  L-Band  Downlink 


1.  The  L-band  Idle-RQ  logic  performance  deteriorates  rapidly  with  increasing 


2.  The  error  control  requirements  for  the  L-band  Simple-RQ  and  Restart 
logics  will  make  it  necessary  to  increase  the  navigation  data  frame 
size.  The  current  navigation  frame  of  800  bits  includes  24  unassigned 
spares.  The  injection  data  \*)uld  have  to  be  40  to  64  bits.  This 
would  decrease  the  system  efficiency  by  5  to  7  percent. 

3.  The  error  control  requirements  for  the  uplink  for  Simple-RQ  and  Restart 
logics  will  make  it  necessary  to  increase  the  uplink  frame  size  from 
800  to  about  864  bits. 

4.  The  loss  of  temporal  relationships  between  frames  will  impose  an 
error  correction  requirement  on  the  satellite  for  the  Simple-RQ  and 
Restart  logics. 

In  Phase  I,  the  satellite  is  assumed  to  be  in  the  "clear  mode"  at  the  start  of 
the  injection  sequence.  The  uplink  and  downlink  are  SCF  SGLS .  The  uplink 
data  rate  is  1  kbps  and  the  downlink  is  assumed  to  be  256  bps.  Preliminary 
estimates  indicate  that  a  2  minute  injection  time  can  be  met  with  independent 
bit  error  probabilities  of  10  "*  for  the  up  and  down  links. 


Data  will  be  transmitted  to  the  satellite  in  800  bit  blocks.  The  first  72  bits 
are  overhead  and  control,  and  the  last  728  bits  are  the  data  and  parity  to  be 
broadcast  by  the  satellite  for  the  users.  The  satellite  will  store  up  to  120 
navigation  data  frames  and  up  to  16  reference  data  frames. 


The  satellite  will  queue  the  navigation  data  FIFO  and  will  use  each  frame  once. 
The  satellite  will  store  the  reference  data  in  a  table  which  will  be  referenced 
sequentially  on  a  cyclic  basis. 


The  injection  frame  format  is  shown  in  Figure  4-1.  The  satellite  will  check 

simple  parity  on  fields  2  through  6  and  algebraic  parity  of  field  7.  The  data 
will  be  stored  in  the  satellite  memory  prior  to  the  final  parity  check.  If  no 
errors  are  detected,  the  address  pointers  (and  other  tables)  will  be  updated. 

If  errors  are  detected,  the  address  pointers  are  not  updated  and  the  memory  area 
is  overwritten  by  the  next  frame.  That  is,  the  frame  is  rejected. 

The  accept/reject  (A/R)  status  is  transmitted  to  the  injection  station  via  the 
telemetry  link.  The  time  slots  in  the  telemetry  frame  for  the  A/R  status  word 
will  be  at  250  ms  intervals.  The  A/F.  status  word  will  be  an  8-bit  1  bit  error 
correcting  code  with  four  states.  These  will  be  defined  as: 

o  Accept  (A) 

o  Reject,  first  (Rl) 

o  Reject,  second  (R2) 

o  No  verification  (NOV) 

The  uplink  data  and  downlink  telemetry  will  be  transmitted  continuously  as  shown 
in  Figure  4-2.  The  nominal  statt:  of  the  A/R  status  word  is  NOV.  When  a 
frame  is  accepted,  the  A/R  status  word  is  changed  to  A  for  the  next  two  tele¬ 
metry  slots. 

When  a  parity  error  is  detected,  the  satellite  does  the  following: 

o  Reject  the  current  frame 

o  Transmit  Rl  status 

o  Reject  the  next  frame 

o  Transmit  R2  status 

The  injection  retransmission  sequence  for  a  detected  error  is  shown  in  Figure 
4-3.  The  injection  sequence  error  control  is  summarized  in  Figure  4t4. 


WORD  BITS 

1.  FS  -  Frame  Sync  32 

2.  FD  -  Frame  Destination  8 

3.  FC  -  Frame  Count  8 

4.  FL  -  Frame  Length  8 

5.  SID  -  Satellite  ID  8 

6.  CC  -  Control  Code  8 

7.  Data  696 

(o  FID-Frame  ID  (8) 

(o  AOD-Age  of  Data  (8) 

(o  Downlink  Data  (680) 

8.  BP  -  Block  Parity  32 


TOTAL  800 


DESCRIPTION 

Identifies  start  of  frame 

Navigation  data  queue  or 
reference  data  table 

Frame  count 

Frame  length  in  16-bit 
fields  -  includes  parity 

Includes  parity 

Provides  control  and 
status  to  satellite  - 
includes  parity 

Data  type  of  this  frame) 

Time  since  data  was  computec ) 

Parity  for  field  7 


FIGURE  4-1  INJECTION  FRAME  FORMAT 
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4.2  First  Iteration.  An  overview  of  the  GPS  Error  Control  concept  and 
analysis  is  presented  below,  along  with  a  summary  of  the  security  implementation 
concepts  considered. 

4.2.1  Error  Control  Concept 

4. 2. 1.1  Error  Control  Criteria.  The  error  control  requirements  are  not, 
at  this  time,  quantitative.  The  qualitative  constraints  are: 


a.  minimize  undetected  error  rate 

b.  maximize  throughput 

c.  minimize  user  equipment  complexity 

d.  minimize  satellite  equipment  complexity 


The  undetected  error  rate  requirement  is  assumed  to  be  a  maximum  of  one  frame 
in  1015  for  injection  and  navigation  data  broadcast. 


The  probability  that  the  user  receives  good  data  is  equal  to  the  probability  that 
the  data  was  loaded  into  the  satellite  without  undetected  error  and  was  broadcast 
without  undetected  error.  Using  Bayes  Rule,  this  probability  is  the  product  of 
the  probability  that  the  data  was  loaded  without  undetected  error  and  the  proba¬ 
bility  that  the  data  was  broadcast  without  undetected  error. 

P  =  (1  -  10"15)2  =  1  -  2  x  l(f15 


Since  the  broadcast  rate  is  30  seconds  per  frame,  the  mean  time  between  undetected 
erroneous  frames  will  be 


(30 


sec 

frame 


) 


2  x  10 


■1* 


=  1.5  x  1016 


seconds 


i* 


frame  . 
error  ' 


error 


INJECTION  ERROR 

CONTROL 

ERROR 

CONTROL 

RECOVERY 

1.  Uplink  FS  not 
detected 

No  Verification 
on  downlink 

Ground  Station 
a.  Force  parity  error 
being  transmitted. 

4 

b.  Transmit  the  missed 
frame  twice  (the 
forced  error  will 
cause  it  to  be 
rejected  once) . 

C.  Continue  the  sequence. 

2.  Detected  error 
in  uplink 

Simple  parity 
and  algebraic 
parity 

Satellite:  transmit 

Reject  status  for  current 
frame  and  next  frame, 
and  reject  both  messages. 

3.  Downlink  A/R 
status 

Error  correcting 
code 

Detected  uncorrectable 
error  treatment  is 

TBD. 

FIGURE 

4-4  INJECTION  ERROR  CONTROL 

This  is  about  2  x  10  years  per  undetected  error. 

The  probability  of  undetected  error  for  GPS  program  life  of  5  years  for 
30  satellites  is  approximately  10 

4. 2. 1.2  Error  Control  System  Consideration.  The  two  links  for  which 
error  control  must  be  provided  are  the  injection  link  and  the  navigation 
data  link. 

The  injection  link  Is  duplex  where  uplink  data  known  to  be  in  error  is 
retransmitted  upon  request  of  the  satellite.  The  navigation  data  link  is 
simplex  where  data  is  retransmitted  whether  in  error  or  not. 

The  data  on  the  two  links  are  interrelated.  The  injection  link  includes: 

o  sync  overhead 

o  ID  and  control  overhead  to  be  processed  by  the  satellite 
o  data  to  be  stored  and  retransmitted  to  the  user  segment 
o  error  control  overhead 

The  navigation  data  link  includes 
o  sync  overhead 

o  ID  and  control  overhead  generated  by  the  satellite 

o  data  generated  on  the  ground,  stored  in  the  satellite,  and  broadcast 

o  error  control  overhead 

a.  Protection  Requirements 

The  error  control  problem  from  a  system  standpoint  consists  of 
protection  of  data 

o  transmitted  from  the  control  segment  to  the  satellite 

o  transmitted  from  the  control  segment  (through  the  satellite) 

to  the  user  segment 

o  transmitted  from  the  satellite  to  the  user  segment 


The  Control/Satellite  data  must  be  error  checked  prior  to  processing 
by  the  satellite.  The  Control/User  data  must  be  error  checked  prior 
to  processing  by  the  user. 


I 


Zn  addition  to  tha  above,  the  Control  /User  data  ahould  ba  error  checked 
by  the  satellite  when  this  data  la  read  out  from  memory.  This  Implies 
that  some  kind  of.  error  control  coding  of  the  Control/User  data  should 
ba  performed  prior  to  storage  of  the  data  on  the  satellite.  This 
encoder  can  be  eliminated  by  storing  the  data  as  coded  by  the  ground 
sagmont.for  transmission.  The  same  code  can  be  used  for  memory 
diagnostics. 

I 

Data  Content 

In  many  cases  some  a  priori  knowledge  of  the  data  Is  available, 
eg,  the  range  of  a  variable,  the  legal  character 'set,  the  set  of 
legal  sequences  of  characters,  etc. 

In  many  cases  the  processing  of  data  containing  undetected  errors  will 
result  In  unreasonable  outputs,  eg,  a  surface  ship  being  above  the 
surface,  an  aircraft  being  below  the  surface,  etc. 

Since  these  errors  are  ultimately  detected,  the  undetected  error 
probability  for  the  scheme  presented  herein  Is  considered  conservative. 

Baseline  System  Design 

The  baseline  system  is  shown  In  Figure  4  -5.  The  Control  Segment  and 
Satellite/User  links  are  protected  by  error  detection  coding. 

In  lection  Logic 


The  Injection  logic  is  based  on  the  Idle  RQ  retransmission  concept. 
That  is,  the  control  segment  will  transmit  a  message  then  stop  and 
wait  for  a  status  word  from  the  L-Band  downlink  to  determine  whether 
to  retransmit  the  current  message  or  proceed  to  the  next  message. 


Error  Detection  Coding 


Error  Detection  coding  for  GPS  is  designed  to  provide 

a.  protection  against  independent  bit  errors 

b.  protection  against  burst  errors 


In  a  binary  symmetric  channel,  the  absolute  random  error  detection 
capability  of  a  code  Is  d-1  independent  bit  errors,  where  d  is  the 
distance  between  code  words. 


SYNC 


SYSTEM  ERROR  CONTROL  CONCEPT 


In  a  high  white  noise  environment  where  large  numbers  of  random 
uncorrelated  errors  are  expected,  the  code  distance  should  be  maximized. 
The  Bose-Chaudhuri  codes  are  most  efficient  for  detection  of  random 
errors.  For  detection  of  burst  and  multiburst  errors,  other  types 
of  codes  (eg,  Fire  codes)  appear  to  be  near  optimum. 

The  desired  performance  for  the  GPS  can  be  achieved  using  any  of  a 
multitude  of  coding  schemes. 

The  algebraic  parity  scheme  has  been  selected  for  its  known  ease  of 
Implementation  and  efficiency. 

Models  for  the  GPS  transmission  channels  have  not  been  formulated  at 
this  time.  It  Is  reasonable  to  assume  that  some  errors  will  tend  to 
cluster  (due  to  Interference,  multipath,  etc.)  and  that  the  errors 
to  be  detected  will  be  bursts  and  random  errors.  Further,  the  Injection 
uplink  Is  not  a  binary  symmetric  channel.  Half  the  errors  encountered 
can  be  detected  by  the  demod,  since  these  will  be  transformations  of 
l's  to  S 1 8  or  0’s  to  S's. 

The  criteria  used  for  selection  of  a  code  are 

/ 

*  o  absolute  protection  against  any  three  bit  errors  In  a  block 
o  statistical  undetected  error  rate  of  less  than  10_15  for  an 
equivalent  binary  symmetric  channel 

These  criteria  do  not  preclude  the  use  of  the  Bose-Chaudhuri  codes  of 
distance  greater  than  3. 

Code  Requirements 

In  order  to  detect  1,  2,  or  3  Independent  bit  errors  the  form  of  the  code 
need  only  meet  the  following  conditions 


1.  The  code  has  distance  greater  than  3,  or 

2a.  The  code  generating  polynomial  has  the  form  G  (X)  ■  (1  +  X)  G^  (X) 
b.  The  length  of  the  code  Is  no  greater  than  the  exponent  to  which 
(X)  belongs. 

The  polynomial  G^  (X)  is  said  to  belong  to  the  exponent  e  If  e  Is  the 
least  positive  integer  such  that  Gf  (X)  evenly  divides.  Xe  +  1. 


I**'  «!»•*'? 
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EXAMPLE 

/  For  block  lengths  near  1200  bits,  the  minimum  order  of  (X)  Is 
11.  The  minimum  number  of  check  bits  is  12. 

For  12  check  bits 

9  11 

Gx  (X)  =  1  +  Xs  +  X11 

9  10  12 

G  (X)  -  1  +  X  +  X  +  X  +  X 


The  exponent  to  which  this  G^  (X)  belongs  is  2047,  so  the  code 
generated  by  Gl  (X)  will  detect  1,  2,  or  3  errors  absolutly. 

Any  algebraic  code  will  detect  burst  errors  up  to  the  order  of  the 
generator  polynomial. and  will  detect  the  fraction  1  -  2"*  of  all  error 
patterns  (k  is  the  order  of  the  generator  polynomial). 

The  undetected  block  error  rate  is  therefore 
_3  i,  .n-i 


■  t 


t  ‘u-p)' 


where 

p  =  BER 

k  is  the  order  of  the  generator  polynomial 
n  is  the  hlock  length. 

Codes  Selected 

-5 

The  GP1'  system  will  be  designed  to  provide  a  maximum  BER  =  10 
for  the  up  and  down  links.  The  undetected  error  requirements  are  met 
when  the  code  length  is  200  bits  maximum  and  the  code  is  generated  by  an  orde 
12  polynomial. 

The  code  selected  is  TDD,  for  the  blocked  data. 

The  Accept/Reject  (a/r)  status  word  will  be  three  bits 

A  =  101 
R  =  010 


•*»  m  g 


This  is  a  distance  3  code  which  will  detect  2  errors 


Injection  Errors 

Injection  errors  can  occur  when 

a.  an  uplink  error  is  undetected  or 

b.  an  uplink  error  is  detected  and  the  R  status  is  changed  to 
A  status  by  transmission  errors. 

The  probability  of  a  frame  injection  error  is  then 

pul  =  5  x  Pub  +  P(R-*-A  |  E)  P(E)/(5) 

where  PuB  is  the  undetected  error  probability  for  a  nominal.  200 

bit  code  word.  And  there  are  5  such  code  words  (injected  data)  per  b+oad 

frame.  R-*"A  is  the  event  R  status  changed  to  A. 

E  is  the  event  detected  uplink  error  in  a  group  of  5632  bits  which  are 
equivalent  to  5  broadcast  Vnmei, 

/  X  /  ,5632 

The  probability  of  a  detected  uplink  error  P(E)  is  (1  -  BER)  ,  where 
each  status  word  covers  5632  bits. 

“5  2  -10  o  -15 

1  -  P(E)  =  1-5632  x  10  +  (5632)  x  10  -(5632)J  x  10 


P(E)  =  0.055 

P(R-+-A  |  E)  is  the  probability  that  all  three  a/r  status  bits  are 
in  error  which  is  10-15, 

1/5  p(r-*-a|e)  p(e)  =  io"17 

-15 

PuB  f°r  ,  k  =  12  •  p  =  10  is 

-12  4  -12  -15. 

P„=2  x  2  x  10  =10  /6 

uB  24 

"17 

Pt  =  5/6  x  io"15  +10  =  0.83  x  io"15 


d.  Navigation  Data  Broadcast  Errors 

Each  navigation  data  frame  consi  sts  of  6  200  bit  fields  or  1200  bits. 

The  probability  of  undetected  error  for  each  field  is  Pug  =  10“*^/6. 

So  the  undetected  error  for  a  naviation  data  frame  is 

10-15. 

4. 2, 1.4  Implementation  Options 


Implementation  options  include 

a.  Hardware  vs.  software  coding/docoding. 

b.  Division  vs.  multiplication  coding 


a. 


These  are  discussed  briefly  below. 
Division  vs.  Multiplication  Codin' 


Code  polynomial  can  be  formed  by  simply  multiplying  any  message 
polynomial  M(X)  by  the  generating  polynomial  G(X).  In  this 
case  the  original  message  will  not  appear  as  a  sequence  in  the  ceded 
data  stream. 

n-r 

For  division  encoding,  the  message  polynomial  is  multiplied  by  X 
and  divided  by  G(x).  The  remainder  is  then  the  check  symbols. 

Xn_r  M(x)  =  G(X)  Q(X)  +  R(X) 

where  Q(x)  is  the  quotient  and  R(x)  is  the  remainder.  Since  addition 
and  subtraction  are  the  same  in  mod  2  arithmetic,  the  polynomial 

V(X)  =  Xn“r  M(X)  +  R(X)  =  Q(X)  G(x) 

which  is  a  multiple  of  G(X)  and  therefore  a  code  polynomial.  The 
highest  order  coefficients  of  V(X)  are  the  same  as  the  coefficients 
of  M(x)  which  are  the  message  symbols. 

Clearly  any  field  of  M(X)  containing  parity  information  will  have 
the  parity  for  that  field  preserved. 

It  seems  unlikely,  however,  that  any  user  will  risk  using  a  field 
in  a  message  known  to  be  in  error  when  good  data  can  be  obtained 
in  30  seconds.  So  the  ability  to  localize  errors  using  field 
parity  seems  to  be  of  little  consequence. 

When  multiplication  coding  is  used  and  an  error  is  encountered,  an 
error  bust  will  occur  in  the  decoder  output  from  fWe  erroneous  Vf  •Vo 
the  end  of  the  message. 

Undetected  errors  using  multiplication  coding  are  likely  to  generate 
unreasonable  combinations  of  data  and  will  assist  with  the  error 
detection  process. 

b.  Hardware  vs.  Software 

This  trade-off  is  dependent  upon  processor  loading, -and  is  deferred. 
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4.2.2  Security  Concepts.  Eight  Upload/Verification  techniques  are  described 
and  compared  on  the  basis  of: 

Load  Time 

Spoof  Protection 

SCF  support  requirements 

Satellite  Impact 

Control  Segment  Impact 

Recovery  Technique 

Navigation  Format /User  Impact 

4. 2. 2.1  Upload  Protocols.  The  fn  i  1  nad  prot  idered  were: 

SCF  secure  word 
Incrementing  SCF  secure  word 
GPS  secure  word 
GPS  encrypted  upload 


These  protocols  are  defined  in  Figures  4-6  and  4r7. 


4. 2. 2. 2  Verification  Protocols.  The  two  verification  protocols  considered 
were: 

SGLS  telemetry  (S-band) 

L-band 


These  protocols  are  defined  in  Figure  4-8. 


4. 2. 2. 3  Upload  Error  Control.  Error  control  for  the  two  verification 
protocols  is  summarized  in  Figures  4-9  and  4-10. 


4. 2. 2. 4  Comparison  of  Upload/Verification  Techniques.  Four  upload  techniques 
are  described  below.  Each  technique  may  utilize  either  S-band  or  L-band  verification 
This  makes  a  total  of  eight  overall  concepts  considered. 


■■■■ 


.... 
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a.  SCF  Secure  Word.  The  satellite  structure  for  this  technique  is  shown 

in  Figure  4-11.  The  message  structure  is  shown  in  Figure  4t12. 

b.  Incrementing  SCF  Secure  Word.  The  satellite  structure  for  this  technique 
is  shown  in  Figure  4-11.  The  message  structure  is  shown  in 

Figure  4-13. 

c.  GPS  Secur°  Word.  The  satellite  structure  for  this  technique  is  shown 

in  Figure  4-14.  The  message  structure  is  shown  in  Figure  4-15. 

d.  Encrypted  Upload.  The  satellite  structure  for  this  technique  is  shown 

in  Figure  4-16.  The  message  structure  is  shown  in  Figure  4-17. 


The  eight  concepts  are  compared  as  shown  in  Figure 
conclusions  are  summarized  in  Figure  4-19. 
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FIGURE  4-7  UPLOAD  PROTOCOLS 
(CONT'D) 


CANDIDATE  VERIFICATION  PROTOCOLS 
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COMPARISON  OF  UPLOAD  CANDIDATES 
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FIGURE  4-19  SUMMARY  OF  UPLOAD  TECHNIQUES 


4.3  Second  Iteration 


The  next  iteration  examined  in  greater  detail  the  following  two  upload 
security  techniques: 

o  Incrementing  SCF  Secure  Word 
o  GPS  Secure  Word 

Crror  Control,  Message  Format  and  Timing  relationships  are  addressed.  Load 
verification  at  the  MCS  versus  the  US  is  considered  and  the  "Bent  Pipe" 
concept  depicted.  The  section  concludes  with  a  list  of  advantages  of  using 
S-band  for  verification  and  a  description  of  the  Philco-Ford  recomended 
approach.  During  Phase  I  this  involves: 

o  US  with  S-band  Receive  and  INY  at  ELM 
o  Adding  INY  to  KIS  for  backup  upload  via  the  SCF 

4.3.1  Security  Techniques.  The  two  security  concepts  considered  on  this 
iteration  are  summarized  in  Figure  4-20. 

4.3.2  Upload /Verification  Concept.  The  concept  resulting  from  this  iteration 
is  summarized  in  Figures  .4-21  through  4-24. 

Figure  C-l.4-25  contains  a  comparison  of  the  L-band  verification  concept  to  an 
equivalent  S-band  verification  concept.  The  potential  benefits  of  the  utilization 
of  S-band  verification  are  shown  in  Figure  ,4-26. 

4.3.3  MCS  vs  US  Verification.  The  consideration  of  MCS  and  US  verification 
is  summarized  in  Figure  4-27.  The  MCS  verification  concept  (Bent  Pipe)  is 
depicted  in  Figure  4-28. 

4.3.4  Philco  Recommendation.  Philco-Ford  recommendations  for  Phase  I,  II 
and  III  are  shown  in  Figures  4-29  and  4-30. 
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FIGURE  4-20  UPLOAD  PROTOCOLS 


INJECTION  RETRANSMISSION 


FIGURE  4-23  INJECTION  RETRANSMISSION 


FIGURE  4-24  NAVIGATION  DATA  FRAME  (2-6  BLOCK1 
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.OAD  VERIFICATION  AT  MCS  VERSUS  ULS 
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BENT  PIPE  CONCEPT 


4.4  Upload  Impact  on  Manpower  Requirements.  The  following  material  addresses 
the  Impact  of  various  upload  criteria  on  manpower  and  facility  requirements  and 
was  presented  at  the  January  8,  1974  meeting. 


An  upload  station  (US)  which  to  shared  would  minimise  the  number  of  short  upload 
periods  In  order  to  require  the  least  amount  of  facility  tlmo  during  Phases  IIB 
and  1X1.  On  the  other  hand,  a  dedicated  US  would  be  scheduled  in  order  to 
minimize  manpower  costs.  Thus,  ell  uploading  would  be  scheduled  to  occur  during 
e  single  8  hour  shift,  if  possible.  These  criteria  ere  summarized  In  Plgure 
4-31. 


During  these  1  and  IIA,  both  types  of  facilities  would  be  echeduled  In  a  way 
which  would  upload  the  satellites  as  close  as  possible  to  the  start  of  the  test 
period. 

Figures  4-32  through  >  4-45  show  the  schedules  which  this  would  impose 

on  the  following  possible  US's:  ROD/ELM,  MUG,  SPO,  MIN,  and  VI R. 


Figure  4-46  shows  the  major  conclusions  reached  as  a  result  of  this  analysis 


PHASE  I  SATELLITE  VIEW  TIMES  AT  UPLOAD  STATION 


PHASE  IIA  SATELLITE  VIEW  TIMES  OVER  UPLOAD  STATION 
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FIGURE  4-38  PHASE  II B  UPLOAD  PERIODS 


FIGURE  4-39  PHASE  IIB  UPLOAD  PERIODS 


PHASE  III  UPLOAD  PERIOD 


PHASE  III  UPLOAD  PERIODS 


FIGURE  4-42  PHASE  III  UPLOAD  PERIODS 
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FIGURE 


5.0  Candidate  Configurations 

This  section  summarizes  the  analysis  of  the  various  configurations  developed 
during  this  study.  The  major  hardware /software  elements  which  are  common  to 
all  configurations  are  shown  in  Figure  5-1. 

The  initial  analysis  was  based  upon  the  following  alternatives: 

SCF-1 

SCF-2 

SAC 

NAG 

NWL 

Section  5.1  describes  the  essential  characteristics  of  each  of  the  above 
approaches  and  shows  a  cost  comparison.  The  SCF-1  configuration  was  selected 
as  the  Fhilco-Ford  baseline  and  presented  at  the  December  18  TD  meeting. 
Direction  was  then  given  to  concentrate  on  the  NAG  and  SCF  alternatives. 

Section  5.2  presents  the  results  of  the  analysis  of  the  following  alter¬ 
natives. 


Designation 

MCS 

US 

A 

STC 

KTS 

3 

STC 

ELM 

C 

MUGU 

SPO 

D 

MUGU 

ELM 

E 


MUGU 


MINN 


A  cost  comparison  showed  alternative  A  was  the  least  costly  and  was  reconmended 
at  the  January  8,  1974  status  review  meeting.  Direction  was  given  to  con¬ 
centrate  on  the  NAG  alternatives . 

The  six  alternatives  considered  during  the  next  iteration  are  given  in  Section 
5.3  and  were  originally  presented  at  the  January  30,  1974  meeting.  All 
of  the  alternatives  are  based  upon  the  use  of  Pt.  Mugu  as  the  MCS.  Direction 
was  subsequently  given  to  assume  the  use  of  VAFB  as  the  MCS/US  location.  Partly 
Volume  C.,  Control  Segment  System  Analysis  Report,  describes  the  system  according 
to  this  latest  direction 


MAJOR  SOFTWARE/HARDWARE  ELEMENTS 


FIGURE  5-1  MAJOR  SOFTWARE /HARDWARE  ELEMENTS 
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Initial  Configuration  Analysts 


The  material  in  this  section  describes  the  analysis  of  the  initial 
configurations . 


FIGURE  5-2  IDENTIFICATICN  OF  CANDIDATE  C/S  CONFIGURATIONS 


FIGURE  5-3  SCF  NO.  1  CONTROL  SEGMENT  FUNCTIONAL  ALLOCATION 


FIGURE  5-6  NAG  CONTROL  SEGMENT  FUNCTIONAL  ALLOCATION 


FIGURE  5-7  NWL  CONTROL  SEGMENT  FUNCTIONAL  ALLOCATION 


FUNCTIONAL  AREA  FUNCTIONS  EQUIPMENTS  MNEMONIC 


FIGURE  5-8  IDENTIFICATION  OF  FUNCTIONAL  AREAS 


FIGURE  5-9  CRITICAL  ASSUMPTIONS 
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SAC  IMPLEMENTATION 


The  material  in  this  section  summarises  the  results  of  the  configuration 
selection  analysis  conducted  between  December  18,  1973  and  January  8,  1974. 


FIGURE  5-19  CONTROL  SEGMENT  FUNCTIONAL  ALLOCATION 


FIGURE  5-20  CRITERIA  FOR  NOMINATING  ALTERNATES 


FIGURE  5-21  CANDIDATE  CONFIGURATIONS  -  PHASE 


CANDIDATES 


.TE  CONFIGURATION 


SIGNAL  STRENGTH 


FIGURE 


SIGNAL 

STRENGTH 


FIGURE  5-25  TRANSMIT  ONLY  AT  EIM 
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FIGURE  5-28  UPGRADE  FOR  PHASE  II 


FIGURE  5-29  UPGRADE  FOR  PHASE  III 


FIGURE 


CANDIDATES 


FIGURE  5-32  GROUND  SEGMENT  COST  VS  TIME 


FIGURE  5-33  COMPARISON  MATRIX 


FIGURE  5-34  SENSITIVITY  ANALYSIS 


FIGURE  5-36  HYBRID  APPROACH 
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Second  Iteration 


The  material  In  this  section  sunmarizes  the  results  of  configuration  selection 
analysis  conducted  between  January  9,  1974  and  January  30,  1974.  The  major 
trades  concerned  upload /verification  techniques  and  hardware.  Thus,  the  bulk  of 
the  configuration  analysis  material  is  contained  in  Section  1.4.3  Navigation 
Upload /Verification  -  Second  Iteration.  The  conclusions  shown  in  5,3 
are  thus  based  upon  material  in  the  latter  section,  as  well  as  upon  the  analysis 
shown  here. 


FIGURE  5-38  CONTROL  CONFIGURATION  STUDY 
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FIGURE  5-43  UPGRADE  FOR  PHASE  II 


6, 0  Existing  Facilities 

This  section  is  a  compilation  of  Trip  Reports  to  the  various  facilities. 
Reports  and  data  which  refer  to  NAG,  SAC,  NWL,  and  ELM  are  contained  in 
Sections  1.6.1,  1.6.2,  1.6.3,  and  1.6 .4, respectively . 

6.1  NAG 

The  following  data  refers  to  existing  NAG  facilities. 
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PHILCO 


Intra  Company 
21  January  1974 

TO:  Distribution  , 

FROM:  J.  M.  Thornton 

SUBJECT:  NNSS  Manpower  information  received  from  NAG,  Point  Mugu 

REFERENCE:  Trip  Report,  Naval  Astronautics  Group,  Point  Mugu  NAS 


As  stated  in  the  refereiced  trip  report,  arrangements  were  made  on  15  January 
for  NAG  manpower  management  personnel  to  reproduce  and  send  to  the  undersigned 
certain  manpower- re  la ted  information.  This  memo  acknowledges  the  receipt  of 
this  information. 

The  following  information  was  received  on  this  date: 

NAG  Operations  Dept  Watchbills  for  December'  and/or  January 
NAG  Organization  Charts  (positions  and  relationships) 

NAG  Organization  Charts  (functional  statements) 

Personnel  Job  Description  and  Duty  Assignment  sheets  for  the 
following  Laguna  Peak  positions: 

Natch  Supv  Opera  tor /Technician 

Section  Leader 

Station  Operator/Technician 

Operator  Trainee 

Operator /Technician  Trainee 

Hatch  Supervisor  Station  Operator 

Supervisory  Electronic  Technician  GS-856-12 

Electronic  Technician  GS-856-11  to  GS-856-04  (8  descriptions) 

This  information  will  be  placed  in  the  GPS  file  with  copies  held  by  the  undersigned 
and  also  by  those  so  designated  on  the  distribution  list. 


James  M.  Thornton 


GPS  Distribution 

(Original  to  Shaparenko  file) 

S.  E.  Carroll 

M.  E.  Deggeller  (w/encl) 

R.  N.  Haislet 
D.  G.  Middleb'rook 
H.  H.  Stern  (w/encl) 

D,  E.  Westby 
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Intra  Company 


21  January  1974 


In  Reference  Cite: 

2S7230-74-S 

TO:  J.  T.  Witherspoon 

FROM:  H.  H.  Stern 

* 

SUBJECT:  Trip  Report,  NAG,  Pt.  Mugu  NAS 

Don  Westby,  Jin  Thornton,  Stan  Carroll,  and  I  visited  the  Naval 
Astronautis  Group  (NAG)  Headquarters  facility  at  Pt.  Mugu  NAS  on 
January  14  and  15  1974.  On  January  15  we  also  visited  the  Laguna 
Peak  facility. 

The  purpose  of  my  visit  was  tc  observer  Control  Center  and  Injection/ 
Monitoring  operations  in  support  of  the  Navy's  TRANSIT  Program. 
Principle  contacts  were  with: 


T.  Smith 
J.  Pcccrse.< 

C.  Clark 
E.  Ellis 
L  Cdr  G.  Watson 

Some  salient  observations: 


Systems 

Vehicle  Systems 
Telecommunications 
Senior  Satellite  Controller 
QIC,  Laguna  Peak 


1.  Based  on  TRANSIT  operations  (six  satellites,  each  uploaded  twice 
daily),  the  control  of  GPS  operations  should  be  easily  accomplished 
by  one  Controller,  working  one  shift,  especially  during  Phase  I. 

2.  TRANSIT  operations  Controllers  appear  to  rely  more  on  CRT  displayed 
system  status  information  than  on  the  hard-wired  wall  displays. 

One  reason  for  this  is  the  present  wall  display’s  inability  to  show 
TRANSIT'S  growth  from  a  four  to  a  six  satellite  system. 

3.  One  cf  the  reasons  for  the  high  reliability  of  TRANSIT  uploading 
(they  call  it  injection)  lies  in  the  fact  that  the  injection  station 
has  several  potential  injection  opportunities  per  pass,  and  that 
station  turn-around  fror  one  two-minute  injection  window  to  the  next 
appears  to  be  achieved  simply  and  eas  ily. 


In  response  to  my  questions  regarding  the  most  frequent  or  typical 
injectica  anomalies,  bit  errors  in  navigatioi  data  verification  were 
cited.  In  addition,  timing  problems  were  encountered  during  our 
observation  of  injection  at  Laguna  Peak,  necessitating  the  use  of 
the  next  injection  window. 
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Intra  Company 

18  January  1974 

TO:  J.  T.  Witherspoon 

FROM:  J.  M.  Thornton 

SUBJECT:  Trip  Report,  Naval  Astronautics  Group,  Point  Mugu ,  NAS 


The  undersigned,  along  with  Messrs  S.  E.  Carroll,  H.  H.  Stern,  and  D.  E.  Westby, 
visited  the  subject  facility  on  January  14  and  15  to  become  more  familiar  with 
the  Navy  Navigational  Satellite  System  (NNSS)  and  with  the  Transit  Operational 
Network  (TRANET).  The  undersigned's  area  of  inteiest  was  manpower. 


Because  of  the  inter-relationship  of  manpower  with  the  hardware  and  software 
systems  and  with  the  operations  and  maintenance  concepts,  useful  information 
was  gained  from  discussions  with  NAG  personnel  in  each  of  these  areas  as 
well  as  ffom  discussions  with  NAG  manpower  management  personnel.  The  trip 
included  a  complete  tour  of  the  NNSS  Control  Center  and  l.aguna  Peak  Station. 

A  routine  injection  pass  was  observed  from  the  operations  console  of  the 
control  center;  another  injection  pass  was  observed  from  tae  Laguna  Peak 
Station.  There  were  some  timing  problems  experienced  during  the  latter 
pass  which  enahled  the  undersigned  to  observe  the  Laguna  Peak  personnel  under 
non-nominal  conditions.  In  addition  to  information  gained  through  discussion 
and  observation,  certain  documents  were  received  on  loan,  while  other  infor¬ 
mation  is  being  reproduced  and  should  be  received  at  WDL  by  the  21st.  Loaned 
documents  included  Standard  Operating  Procedures,  Standard  Maintenance  Failure 
Printouts.  Reproduced  information  will  include  organization  charts,  position 
titles/descriptions,  and  manpower  scheduling/augmentation  tables. 


The  result  of  the  trip  was  a  good  overall  picture  of  how  the  NNSS  presently 
operates  and  to  what  extent  the  GPS  can  be  integrated  into  existing  facilities, 
hardware,  operations/maintenance  concepts,  and  technical/non-technical/ 
administrative  support. 


James  M.  Thornton 


JMT: tmw 

cc :  S . 

E.  Carroll 

M. 

E.  Deggeller 

R. 

N.  Haislet 

D. 

G.  Middlebrook 

H. 

H.  Stern 

D. 

E.  Westby 
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Intra  Company 

18  January  1974 


TO: 


FROM: 

SUBJECT: 

PERSONS  CONTACTED: 


R.  N.  Bryan 
D.  E.  Westby 

Trip  Report  --  Naval  Astronatutics  Group,  NAS, 
Point  taigu,  California 

NAG  Headquarters 


Name 

Dept. 

Phone  No 

Cdr.  A.  Thayer 

Operations  Officer 

982-8016 

Lt.  Cdr.  Jack  Klass 

Planning  Officer 

982-8827 

M.  Moldenhauer 

Manpower  Management 

982-8016 

J.  Podorsek 

Operations 

982-8016 

G.  Kennedy 

Operations  Computer 

982-8702 

C.  Clark 

Facilities  Mgr. 

982-8067 

H.  Kelly 

Logistics  SFM10 

982-8067 

J.  Dell  Amico 

Hd.  Eng.  Div.  SFM21 

982-8827 

Laguna  Peak 

Lt.  Cdr.  George  Watson 


1.  Purpose:  Messrs.  J.  Thornton,  Stan  Carroll,  H.  Stern  and  the  undersigned 
visited  the  subject  facilities  on  14  and  15  January  1974  for  the  purpose 
of  obtaining  information  regarding  the  location  of  GPS  Master  Control 
Station  and  Monitor  Stations  within  the  various  Naval  Astronautics  Group 
facilities . 

2.  Details:  Commander  Thayer  met  with  us  and  assigned  responsible  NAG 
personnel  to  provide  requested  information.  After  a  general  briefing 
session,  we  separated  to  various  areas  and  went  about  obtaining  desired 
data. 

3.  Facilities :  Prior  to  leaving  WDL  it  was  determined  that  space  for  a 
total  of  13  standard  19-inch  racks  would  be  required  for  the  Master 
Control  Station.  The  total  of  13,  included  2  racks  for  the  Monitor 
Station  function  which  is  also  to  be  located  at  Point  Mugu.  Space 
for  additional  monitor  stations  was  to  be  determined  for  Installation 
in  Hawaii,  Maine  and  Alaska. 

3.1  Configurations:  Hie  NAG  Facilities  Manager,  Charles  Clark,  advised 

that  over  300  square  feet  could  be  made  available  in  the  Communications 
Area  of  the  headquarters  building.  This  provides  adequate  space  for 
the  11  racks  of  the  Master  Control  Station;  however,  the  two  racks  for 
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the  monitoring  function  would  be  located  in  an  adjacent  building . 
Since  the  monitoring  function  does  not  require  manning,  this  arrange¬ 
ment  was  considered  satisfactory. 

The  adjacent  location  is  presently  planned  as  the  NAG  Ready  Test 
Facility,  and  will  be  the  location  of  a  PDF  11/40  Computer,  primarily 
to  be  for  software  development. 


NOTE:  It  has  since  been  determined  that  the  2  racks  of  timing 

equipment  will  be  located  at  the  update  station,  Elmendorf, 
Alaska,  in  lieu  of  the  MCS,  and  accordingly,  the  two  racks 
for  the  monitor  function  can  be  located  in  the  present 
communications  area. 

3.2.3  Electric  Power:  Adequate  electric  power  is  available  from  the  NAG 
existing  plant.  The  local  Electrical  Utility  Company  provides  service 
to  a  motor-generator  set,  which  can  output  a  total  of  250  kw,  3  phase, 
120/208  volts,  60  Hertz  electric  power.  The  m-g  set  is  coupled  to  an 
emergency  diesel  engine  through  a  magnetic  clutch.  A  3-ton  flywheel 
provides  smoothing  of  transient  conditions.  Present  peak  loads  for 
the  system  is  approximately  150  kw.  Accordingly,  our  present  estimated 
maximum  of  50  kw  can  be  readily  handled.  All  the  remote  sites  are 
Similarly  powered  and  have  ample  capacity  to  meet  the  requirements  of 
the  Monitor  Station  racks. 

3.3  Air  Conditioning:  The  NAG  Facility  at  Point  Mugu  has  a  separate 

AC  plant,  consisting  of  two  120-ton  units.  Present  requirements  have 
never  exceeded  the  capacity  of  a  single  unit,  and  consequently,  the 
second  unit  is  utilized  as  a  back-up.  All  the  remote  sites  are 
similarly  equipped  with  ample  capacity. 

3.4  Fire  Protection:  All  NAG  buildings  are  provided  with  suitable  fire 
protection  devices.  Carbon  dioxide  is  available  under  the  false 
flooring  and  for  wall  units.  Sprinkler  systems  (dry  pipe)  are 
available  in  office  areas,  etc. 

3.5  Logistics  Facilities:  The  NAG  Logistics  Department  provides  all  their 
present  support  for  the  remote  sites,  in  addition  to  the  headquarters. 
No  problems  could  be  determined  for  providing  the  additional  support 
needed  for  GPS. 

3.6  Grounding  Facilities:  All  equipments,  buildings,  etc.  are  brought  to 

a  common  ground  10-point  grid  located  adjacent  to  the  main  NAG  building. 
No  special  attention  has  been  required  to  keep  the  proper  resistance 
level  for  the  system.  All  remote  sites  are  similarly  grounded,  but 
one  or  two  require  occasional  chemical  enhancement  of  the  surrounding 
earth,  in  order  to  maintain  proper  resistivity.  Note  that  only  one 
ground  point  is  used  for  all  equipments,  which  may  cause  some  red/black 
interface  problem. 
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4.  Doc  amenta:  The  NAG  personnel  were  very  accommodating  in  providing  any 
documents  we  wished  regarding  the  Hq  and  the  remote  sites.  Documents 
brought  buck  included  the  following: 

a.  Configuration  Baseline  Directive 

1.  Plot  plans  of  sites 

2.  Building  plans 

3.  Room  plans  showing  existing  equipment  arrangements 

4.  Equipment  lists  and  rack  elevations 

5.  Function  flow  diagrams 

b.  Maintenance  Instructions/Procedures 

5.  Communications  Facilities:  The  following  information  regarding 
communications  facilities  was  obtained  from  the  NAG  representatives: 

a.  Lines  would  be  available  between  Hawaii  and  Ft.  Mugu, 
and  Maine  and  Pt.  Mugu  for  10  minutes  once  each  hour 
(800  kbits  per  day  and  32  kbits  once  per  hour). 

b.  Multiplexer  could  be  added,  if  desired. 

c.  Modems  can  be  added  in  the  Comm  area. 

d.  No  problem  in  adding  cables  for  the  MCS. 

e.  Cable  capacity  is  available  on  not-to-interfere  basis  for 
10  minutes  each  hour  between  Pt.  Mugu  and  Laguna  Peak 
facilities. 


cc:  J.  Carroll 
S.  Carroll 
S.  Crawford 
R.  Crum 
K.  Hornberg 
D.  Middlebrook 
H.  Stern 
J.  Thornton 
J.  Witherspoon 
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TO: 

J.  E. 

Theibaul t 

FROM: 

S.  E. 

Carroll 

SUBJECT:  Trip  Report,  Naval  Astronautics  Group,  Point  Mugu,  NAS 


On  January  1A  and  15,  I  visited  the  NAG  group  for  the  purpose  of  famil¬ 
iarization  with  their  software  systems.  Principle  conversations  were 
held  with  Gary  Kennedy  (software),  and  Tom  Sirith  (satellite).  On 
Tuesday  the  15th,  we  were  shown  the  Laguna  Peak  Tracking  Station  by 
Lt.  CrcJr.  Watson. 

Many  of  our  questions  were  answered  by  a  viewgraph  presentation  and 
an  appendix  to  a  systems  analysis  report  prepared  by  NAG  group  (attachments 
1  and  2). 

The  NAG  group  was  most  helpful,  and  seem  interested  in  supporting  the 
GPS  program  in  anyway  possible.  However,  they  do  feel  that  any  such 
support  should  be  integrated  with  their  system,  rather  than  using  parts 
of  it,  i.e.,  the  data  lines.  It  would  also  appear  that  time  will  be 
available  on  the  PDP  11 'AO's  at  the  remote  sites  and  perhaps  on  the  360 'AO 
at  the  headquarters  facility.  There  is  currently  no  computer  interface 
between  NAG  and  the  NWL  or  SCF.  The  stations  are  to  be  upgraded  beginning 
5/76  (Maine)  and  terminating  9/77  (Hawaii).  There  will  be  at  Pt.  Mugu,  a 
test  site  for  software  development.  It  is  ray  impression  that  this  will  be 
a  permanent  facility  and  available  as  a  development  facility  to  outside 
users. 
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Appendix  A 

Basic  System  Operation 


1,  This  section  of  the  report  will  provide  a  general  description  and  define 
the  general  function  of  how  the  proposed  ground  system  would  work  with  the 
new  station  computer.  The  updated  ground  system  would  allow  outdated  and 
obsolete  hardware  to  be  replaced  by  the  new  station  computer  and  associated 
software.  The  system  upgrade  would  be  accomplished  by  replacing  the  AU/UYK 
computer  and  specially  designed  obsolete  station  equipment  with  a  general 
purpose  computer  with  a  limited  amount  of  highly  reliable  input/output  equip¬ 
ment.  A  generalized  diagram  of  the  major  components  of  the  proposed  ground 
station  configuration  is  shown  in  figure  1-A.  A  list  of  the  equipment  that 
could  be  deleted  is  shown  in  table  1-A. 

2.  With  the  more  powerful  general  purpose  computer  the  basic  station 
functions  would  be  performed  as  follows] 

a.  Central  Control  with  Local  Override. 


Under  the  proposed  system  the  Detachment  will  be  operating  from  a  schedule 
generated  by  the  NAVASTilOCRU  IEM  J60  control  system  schedule  program.  This 
will  ensure  that  the  schedule  used  for  operations  at  the  Detachment  are 
identical  to  the  master  control  schedule  used  by  the  NAVASTROGRU  Duty 
Satellite  Controller  (DSC)  at  the  Headquarters  Control  Center.  This  schedule 
will  be  computed  automatically,  taking  into  account  inoperative  equipment 
and  various  conflict  situations.  Generation  of  this  schedule  is  currently 
performed  at  a  minimum  of  once  a  day  but  can  be  run  more  frequently  if 
requested  by  the  DSC.  Once  a  schedule  is  created,  the  schedule  of  orders 
unique  to  an  individual  Detachment  will  be  transmitted  to  that  Detachment, 

This  schedule  will  allow  the  Detachment  computer  to  initiate  functions 
according  to  the  same  schedule  in  use  at  Headquarters.  This  type  of  system 
will  also  allow  the  computer  to  display  future  orders  for  the  Detachment  on 
the  automated  display,  replacing  the  current  manual  grease  pencil  display. 

The  orders  generated  by  the  schedule  program  will  consist  of  the  following 
items  and  associated  times. 

(1)  Take  doppler. 

(2)  Auxiliary  commands. 

(3)  Inject  and  type  of  injection, 

(4)  Memory  compare. 

(5)  Perform  navigation, 

(6)  Take  telemetry. 

Hard  copies  of  the  generated  orders  will  be  available  for  the  DSC  and  the 
Detachment  operator.  The  ordcrB  could  be  overridden  by  the  DSC  at  Headquarters 
or  by  the  Detachment  operator.  The  DSC  at  Headquarters  will  be  notified  on 
his  CRT  if  the  Detachment  overrides  any  orders. 
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This  part  of  the  system  upgrade  is  relatively  simple  to  accomplish  as  the 
schedule  proposed  for  use  is  currently  computed  by  the  IBM  360  at 
Headquarters  for  use  by  the  DSC.  Creation  of  a  software  routine  to  transfer 
data  from  the  IBM  360  to  the  Detachment  computer  completes  the  requirements. 
No  specially  engineered  hardware  will  be  required.  This  area  of  improvement 
provides  the  following  advantages  to  the  system. 

(1)  Central  control  and  computer  agreement  between  Headquarters 
and  the  Detachments'  orders. 

(2)  Capability  of  the  Detachment  computer  to  initiate  action 
without  human  intervention. 

(3)  Replacement  of  a  manual  display  at  the  Detachment  with  an 
automated  display  reduces  the  possibility  of  human  error. 

4 

If,  for  some  reason,  Headquarters  could  not  transmit  orders  to  t-'-.e  Detachment, 
the  Detachment  operator  will  have  the  capability  to  input  orders  frem  a 
long-range  schedule  which  he  will  continue  to  receive  under  the  proposed 
system.  Once  these  orders  were  entered,  all  other  functions  will  operate 
as  stated  above. 

b.  Provide  Headquarters  Monitoring  of  the  Detachment. 

.The  Headquarters  computer  will  auto-dial  the  Detachment  computer  to  ensure 
that  scheduled  events  were  in  progress  when  scheduled.  If  the  Headquarters 
computer  failed  to  get  a,. notification  that  a  scheduled  event  was  in  progress 
the  DSC  will  be  flashed  a  warning  alarm  in  the  Control  Center.  This 
feature  is  recommended  because  it  can  be  implemented  with  minimal  software 
and  no  special  hardware  and  will  provide  an  automated  check  in  the  system. 

C .  Satellite  Memory  and  Doppler  Data  Collection  and  Monitoring . 

The  upgraded  ground  system  will  have  the  capability  to  collect  satellite 
memory  data  on  all  tracking  passes,  The  memory  data  will  be  stored  on  disk 
by  the  Detachment  computer.  The  station  computer  will  have  the  capability 
of  performing  a  memory  compare.  If  there  are  errors  the  intervals  that 
are  in  error  will  be  transmitted  to  Headquarters.  These  results  will  then 
be  displayed  on  the  CRT  at  Headquarters  and  stored  on  aisle  for  possible 
later  retrieval.  The  DSC  at  Headquarters  will  have  the  capability  to 
obtain  the  entire  memory  pass  of  data  when  required. 

The  doppler  data  recovery  will  be  performed  at  the  Detachment  by  using  the 
new  station  computer  and  an  associated  interface  to  the  receiver.  The 
doppler  data  will  be  read  into  the  station  computer  and  a  timing  error 
computed  and  displayed;  the  doppler  data  will  be  formatted  and  stored  on 
disk.  Following  a  request  from  the  Headquarters  computer,  the  data  will 
be  read  from  disk  and  transmitted  to  the  Headquarters  computer.  The 
Headquarters  360  will  then  perform  a  navigation,  timing  analysis  and 
pass  analysis  check  on  the  pass.  If  the  result  of  the  check  exceeded  a 
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threshold,  the  DSC  will  be  notified  of  error.  The  navigation  and  timing 
errors  for  all  passes  will  be  stored  on  disk  at  Headquarters  for  possible 
later  retrieval.  This  method  of  handling  dopplcr  and  memory  data  provides 
the  following  advantages. 

(1)  Eliminates  the  need  for  the  following  special  purpose  equipment 
in*  the  dopplcr  and  memory  collection  area. 

(*)  Satellite  Memory  Simulator. 

(b)  Time  Recovery  and  Memory  Readout  Units. 

(c)  Header/Taller  Hardware  and  Tally  Punches. 

(d) .  TRADATS  at  the  Detachment  and  Headquarters. 

(e)  TRAIN F  at  Headquarters. 

(2)  Eliminates  paper  tape  and  the  associated  problems  for  doppler 
and  memory  recovery. 

(3)  Provides  for  the  capability  of  automated  data  transmission. 

(4)  Eliminates  a  number  of  manual  human  intervention  steps. 

d.  Injection  Control  and  Auxiliary  Commands. 

The  updated  ground  system  will  be  capable  of  performing  all  types  of 
injections  and  auxiliary  commands  that  are  performed  in  the  current  ground 
system.  The  injections  will  be  controlled  from  the  Detachment  computer 
using  the  injection  data  (ItJJD)  tape  which  was  sent  from  Headquarters  and 
stored  on  disk  at  the  Detachment,  The  actual  injection  sequence  will  be 
Identical  to  the  manner  in  which  it  is  currently  performed  with  the  new 
station  computer  performing  the  functions  that  are  currently  performed  by 
the  AN/UYK.  The  more  powerful  station  computer  provides  expanded 
capability  and  will  facilitate  the  upgrading  and  replacement  of  hardware 
components  in  the  injection  and  auxiliary  command  system  when  changes  were 
required  or  deemed  desirable  in  these  areas.  In  addition,  the  new  station 
computer  with  its  additional  core  and  faster  internal  speed  will  allow 
for  more  computer  capabilities  during  the  actual  infection. 


e.  Message  Generation. 

With  the  updated  ground  system  the  message  generation  will  be  done  with  the 
use  of  a  CRT  versus  the  current  method  of  using  the  teletype  and  associated 
paper  tape  system.  The  Detachment  or  Headquarters  personnel  will  type  their 
message  on  a  CRT  and  nave  the  capability  of  making  any  required  correction;. 
Once  the  body  of  the  message  was  thought  to  be  correct  a  key  would  be  depressed 
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and  the  message  fornatted  and  stored  on  disk  as  well  as  printed  on  hard 
copy.  The  operator  will  then  take  the  hard  copy  of  the  message  to  have 
it  verified  by  his  supervisor.  If  the  message  is  correct  a  code  will  be 
entered  allowing  the  message  to  be  released.  If  a  change  was  later  desired, 
the  message  could  be  called  hack  to  the  CRT  and  the  change  could  be  made. 
The  message  generation  system  of  the  updated  system  will  have  the  following 
advantages  over  the  current  system. 


(I)  Eliminate  the  teletype  for  normal  message  generation. 


(2)  Eliminate  paper  tape  and  its  associated  problems. 


(3)  Provide  the  capability  to  automate  message  transmission. 


(4)  Provide  for  faster  message  generation  and  better  error 
correction  capabilities. 


Classified  message  generation  will  be  performed  in  the  same  manner  used  in 
the  current  system. 


f ,  Injection  Data  Tane  Transmission. 


/ 


With  the  updated  ground  system  the  INJD  tapes  will  be  hand  carried  to  the 
IBM  360,  where  they  will  be  verified  for  continuity  and  reasonableness 
using  the  old  INJD  data.  If  it  was  found  to  pass  the  above  teBts,  it  will 
be  stored  on  the  Headquarters  disk  and  sent  to  the  Detachments  using  an 
automated  transmission  system  with  extensive  parity  checks.  The  INJD  tape 
will  be  stored  on  disk  at  the  Detachmv.nf.  where  it  will  be  used  for  the 
SATSIM  and  injection.  This  method  of  transmitting  the  INJD  tapes  provides 
the  following  advantages  over  the  current  system. 


(1)  Allow  the  IBM  7702' o  to  bo  released. 


(2)  Eliminate  the  need  for  operators  to  watch  lights  blink  for 
two  man  hours/day/satcllite. 


(3)  Significantly  reduce  the  transmission  time  required  for  INJD 


tapes. 


(4)  Eliminate  the  requirement  of  the  Detachment  to  duplicate  the 
INJD  tape* 


8« 


gfljplcr.  Memory,  and  Fixed  Frequency  Mcscagc  Data  Tranemissi 
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In  the  current  system  the  transmission  of  dopplcr,  memory,  fixed 
frequency  and  message  data  transmission  is  accomplished  by  an  outdated  paper 
tape  system  which  uses  specially  built  hardware  with  a  significant  amount 
of  manual  intervention  required  for  successful  transmission.  Two  and 
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sometimes  three  people  ere  Involved  in  every  data  transmission  with- the 
current  system,  With  the  proposed  system  this  data  transmission  will  be 
accomplished  by  an  automated  approach  where  the  Headquarters  computer 
automatically  dials  the  Detachment  computer  to  send  and  receive  data  to 
and  from  the  Detachment  computer.  As  message  data  is  received  at  the 
Detachment  or  Headquarters,  hard  copies  would  be  generated.  Figure  2-A 
shows  a  flow  diagram  of  the  current  and  proposed  updated  method  of  handling 

doppler,  memory,  fixed  frequency  and  message  data  transmission.  The 
updated  system  provides  the  following  advantages  over  the  current  system. 

(1)  Release  of  the  TRADAT  components  at  the  Detachments  and 
Headquarters. 

(2)  Release  of  TRAINF  equipment  at  Headquarters. 

(3)  Eliminate  use  of  paper  tape  and  manual  intervention  for 
normal  operations. 

(4)  Remove  the  requirement  for  uwo  communication  operators  to  be 
involved  for  the  duration  of  every  transmission. 

(5)  Transmission  time  of  data  would  be  greatly  reduced  since  the 
speed  of  a  paper  tape  reader  will  no  longer  be  a  restriction, 

h.  Telemetry  Data  Reduction. 

Telemetry  data  for  the  OSCAR  series  of  satellites  wil1  be  handled  the  same 
way  it  is  handled  in  the  current  system  with  the  special  telemetry  equipment 
The  digital  telemetry  of  the  TRIAD  satellite  will  be  reduced  in  a  Bimiliar 
method  used  by  AFL/JilU  in  reducing  the  TRIAD  satellite  telemetry  data  on  the 
SIGMA- 3  computer. 

i.  Antenna  Pointings. 

With  the  initial  updated  system  the  antenna  pointings  will  be  calculated 
by  the  Detachment  computer  and  the  antennas  pointed  as  they  are  now,  each 
with  its. own  conr roller;  however,  it  is  planned  that  the  updated  system 
will  be  expanded  at  a  later  time  to  have  the  Detachment  computer  both 
calculate  and  automatically  control  the  pointing  of  the  antennas  thus 
eliminating  the  need  far  the  current  antenna  controller  systems. 

'\f':  * 

J,  Backup  Considerations  for  Essential  Data  Transmission, 

With  the  proposed  ground  system  the  backup  of  Headquarters  for  the  receipt 
of  doppler  and  memory  data  and  the  transmission  of  INJD  tapes  will  be 
performed  by  the  Laguna  Peak  station  as  that  station  would  have  magnetic 
tape  capability.  In  the  current  system  Laguna  Peak  backs  up  Headquarters 
for  these  functions. 
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k.  APfr/JHU  Data  Transmission, 

With  tha  proposed  ground  system  the  data  transmission  to  AFL/JUU  couUI  be 
performed  as  in  the  current  system  of  IBM  7702  to  IBM  7702  for  magnetic 
tape  transmission  and  TRADAT  to  TRADAT  for  paper  transmission  or  could 
be  handled  by  transmission  from  NAVASTROGRU's  coaputerr  to  an  APL/JHU 
computer.  NAVASTROGRU  rccotanonds  that  the  da».a  transmission  between 
NAVASTROGRU  and  APL/JHU  be  handled  by  transmission  from  NAVASTROCRU'o  Itt 
360  and  also  from  NAVASTROGRU's  Laguna  Peak  ground  station  computer  (in 
ease  the  IBM  360  is  down)  to  an  ATL/JHU  computer!  as  the  other  solution 
would  require  that  both  NAVASTROCRU  and  APL/JHU  retain  an  IBM  7702  end 
a  WAD  AT. 

3,  With  the  new  station  computer  and  the  described  method  of  station 
operation,  black  box  type  equipment  will  be  eliminated  in  the  dopplcr  and 
■euory  collection  and  date  communication  areas..  The  new  computer  for  the 
ground  station  would  also  have  the  capability  to  eliminate  antenna  controllers 
end  telemetry  black  bo:;  equipment  at  a  later  data.  In  addition  to  elininat  in«  - 
tha  black  box  equipment  and  reducing  the  associated  maintenance,  training, 

and  logistic  requirements ,  the  amount  of  mundane  human  intervention  will  be 
significantly  reduced  since  a  majority  of  the  black  box  equipment  being 
Sliuinatcd  is  papar  tape  handling  equipment  which  requires  excessive  human 
Intervention. 

4,  The  proposed  communication  system  docs  not  rely  on  htxnan  intervention 
or  involve  paper  tape.  These  factors  coupled  with  faster  transmission 
capabilities  will  greatly  increase  tha  communication  potential  of  the 
NAVASTROGRU  ground  system  S3  shown  in  Table  2-A.  In  addition  to  providing 
the  increased  capability,  the  proposed  communications  system  should  result 
in  a  reduction  in  personnel  required  to  handle  the  communications  functions 
Since  most  of  tha  required  functions  hove  been  automated. 

9 

5,  With  the  additional  speed,  Stonge,  and  flexible  I/O  capabilities  of  the 
new  computer,  the  ground  stations  will  have  the  available  computer  power  to 
integrate  additional  equipment  as  required.  This,  coupled  with  the  automated 
communications  and  elimination  of  manually  operated  high  maintenance  equipment, 
will  significantly  increase  the  ground  station  capability  and  expansion 
potential. 
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Figure  2-A  (Continued) 


UPDATED  SYSTEM  OF  HANDL  NG 

DOPPLER,  MEMORY,  FIXED  FREQUENCY  AMD  UNCLASSIFIED  MESSAGE  DATA 


A.  TRANSMISSION  AND  RECEIPT  OF  DATA 


B.  MESSAGE  PREPARATION 


SVMtAJCY  or  EQUIPMENTS  DELETED  WITH  INITIAL  IKPLBtEMTATIOH  Of  HEW  SYSTEM 
.  1.  PATER  TAPE  PUNCHES 

*  *  •  *v 

2.  PATER  TAPE  READERS 

3.  TRADATS  AND  TRADAT  INTERFACES 

4.  7702 'S 

5.  DIGITIZER 

6.  ‘ HEADER/TAILER 

7.  TIME  RECOVERY  AND  MEMORY  READOUT  UNIT 

8.  SATELLITE  MEMORY  SIMULATOR 

9.  ELIENSCHZ1IDT  TYPEWRITER  / 

10.  AN/UYK  COMPUTER  BR-110  ' 

11.  MAGNETIC  TAPE  UNITS  1R-170A 

12.  MAGNETIC  TAPE  CONTROLLER  BR-192A 

'V--1 

13.  PAPER  TAPE  CONTROLLER  BR-140 
14*  TYPEWRITER  BR-185 

15.  DISPLAY  FUNCTIONS  OF  DIGITAL  CONTROL  UNIT 

16.  HYPERION  NIXIE  DISPLAYS 


TYPE  OF  DATA 

DOPPLER  PASS 

MEMORY  PASS 

UNCLASSIFIED 
MESSAGE  DATA 

INJD  TAPE 


Tabl*  2-A 

Comparative  Coamunication  Speeds 


APPROX.  TIME  TO  SEND  AVERAGE  ' 
LENGTH  UNDER  CURRENT  SYSTEM 
INCLUDING  MANUAL  SWITCHES 

80  seconds 

320  seconds 

70  seconds 

480  seconds 


EST.  TIME  TO  SEND  SAME  DATA 
UNDER  PROPOSED  SYSTEM 

20  seconds 

120  seconds 

16  seconds 

280  seconds 
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16  October  1973 
DNSDP-JTW-084 


To: 

From: 
Subject: 
Reference : 


G.  R.  Hlckcox 
J.  T.  Witherspoon 

Transit  Operational  Network  Manning 

Trip  Report  -  Naval  Astronautics  Group,  Pt.  Mugu 
DNSDP- JTW-080 ,  dated  10/15/73 


I  called  LCmdr.  Klass  Monday  to  clarify  some  of  the  lumbers  quoted  in  the 
referenced  trip  report.  He  provided  the  collowing  additional  information 


Detachment  A 

(Maine) 

Military 

11 

Operators 

16 

Civilian 

15 

Maintainers 

6 

Detachment  B 

26 

(Minnesota) 

Administrative 

Officer  in  Charge 

3 

1 

26 

Military 

31 

Operators 

25 

Civilian 

13 

Maintainers 

8 

Detachment  C 

44 

(Hawaii) 

Administrative 

Officer  in  Charge 

Asst.  Officer  in  Charge 

9 

1 

1 

44 

Military 

7 

Operators 

10 

Civilian 

8 

Maintainers 

3 

15 

Administrative 

Officer  in  Charge 

1 

1 
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Detachment  D  (Laguna  Peak) 


Military 

17 

Operators 

23 

Civilian 

17 

Maintainers 

7 

34 

Administrative 

2 

Officer  in  Charge 

i 

Asst.  Officer  in  Charge 

1 

34 

Headquarters 

•  Computer  Center  - 

22  personnel 

•  Control 

Center 

21  personnel 

. 

7  Satellite 

Duty  Controllers 

- 

12  Comm  Specialists 

•  Performance  Analysis  Group  -  23  personnel 

-  6  Operational  Analysts 

-  6  Performance  Evaluators 

-  7  Computer  Prograiraners 

-  2  Administrative 

•  Satellite  Launch  Division  -  6  personnel 

All  locations  operate  on  •  four  shift  basis.  Normal  headquarters  shift 
complement  is: 

•  3  Comput  ators 

•  2  Comm  S  sts 

•  1  Satelli  ty  Controller 

•  1  Duty  Officer 
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To:  G.  R.  Hlckcox 

From:  J.  T.  Witherspoon 

Subject:  Trip  Report,  Naval  Astronautics  Group, 

Point  Mugu  Naval  Air  Station 


Messrs.  R.  Bryan,  0.  Holzborn,  K.  Jutzl,  D.  Middlebrook,  D.  Potter  and  the 
undersigned  visited  the  subject  facility  on  October  12  to  become  more 
familiar  with  the  Navy  Navigation  Satellite  System  (NNSS),  and  with  TRANET, 
the  Transit  Operational  Network. 

The  Naval  Astronautics  Group  (MG)  Is  responsible  for  operations  of  the 
Tranet.  The  group  includes  pacple  at  4  CONUS  locations  and  operates 

on  a  $3.5  million  annual  budget.  Principle  military  personnel  are: 

1, 

0 v,‘;  . 

Capt.  W.  A.  Lebtrt,  CO 
Cmdr.  D.  S.  Cauklns ,  Exec  Off 
Cmdr.  A.  J.  Thayer,  Ops  Off 
LCmdr.  J.  V.  Klass,  Duty  Off 
LCmdr.  T.  R.  Brett,  Duty  Off 
LCmdr.  M.  C.  Murray,  Duty  Off 
LCmdr.  G.  Watson,  Duty  Off 

Principle  facilities  and  functions  are: 


Performance  Analysis  Div  -  23 
Satellite  Launch  Div  -  6 
HQ  Staff  -  48 


Point  Mugu  NAS  -  154  personnel 

Operations  Canter  -  ?.l 
Computer  Center  22 
Trarking/Injection  Facility  -  34 

,  v'  ’ 

Maine  -  25  personnel,  3/shift 

*  ■O''' 

Tracking/Injection  Facility 

jt’1 

Hawaii  •  16  personnel,  J /shift 
Tracking  Facility 

iri 

Minnesota  -  50  personnel*  4/shift 
Tracking/Injection  Facility 
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Capt.  Lebert  met  with  us  for  an  hour  in  the  morning  during  which 
time  he  described  the  accomplishments  of  his  group, 

frequently  emphasizing  the  cost  effectiveness  and  self-sufficiency  of  his 
operation.  In  addition  to  routine  operation  and  maintenance  of  ground 
facilities,  NAG  personnel  do  all  haidware  engineering  changes,  maintain 
and  upgrade  computer  programs,  nrocess  and  analyze  satellite  telemetry, 
schedule  and  manage  new  satellite  launches,  provide  their  own  documenta¬ 
tion  and  training,  and  manage  their  own  logistic  system. 


Operations  Center 

LCmdr.  Klass  briefed  us  on  the  system  operations  and  took  us  through  the 
Operations  Center.  Much  of  the  equipment  in  this  center  was  originally 
provided  by  Philco-Ford  WDL.  It  includes  computer  driven  alphanumeric 
status  wall  boards,  operating  consoles,  a  computer  data  terminal,  and 
various  manual  status  charts.  We  were  impressed  by  the  simplicity  and 
effectiveness  of  the  operation  which  requires  a  single  operations 
controller.  While  there,  we  witnessed  the  results  of  a  half-dozen  tracking 
passes  including  one  in  which  the  processor  detected  a  timing  error  of  20  sec 
at  one  of  the  remote  sites* 

•’  ^ 

One  of  the  more  critical  operations  functions  is  satellite  injection,  the 
process  of  reloading  the  **ateliites  with  nav  igation  data.  This  process 
occurs  approximately  twice  daily  for  each  of  five  satellites  or  ten  times 
a  day.  Injections  are  schedules  so  that  at  least  two  injection  stations 
can  view  the  satellite  during  the  process.  The  injection  requires  24,917 
bits  and  Is  accomplished  in  15  seconds  of  transmission  time.  It  is  timed 
to  occur  between  the  satellite  2  minute  broadcasts  so  as  to  minimize  the 
impact  to  a.  current  user.  Each  injection  is  followed  by  a  2  minute 
telemetry  transmission  from  the  satellite  which  is  monitored  by  both 
injection  sites.  If  both  sites  agree  that  injection  was  unsuccessful,  the 
process  is  automatically  repeated  between  the  next  navigation  broadcast. 
After  the  primary  injection  station  has  made  three  unsuccessful  tries,  the 
secondary  injection  station  takes  over  and  makes  three  tries.  Thus  six 
tries  can  be  made  during  each  scheduled  injection  pass.  This  process  has 
failed  only  four  times  ir  the  last  15,000  or  so  injections.  Injection 
scheduling  Is  still  done  manually  because  of  the  many  variables  involved. 

This  function  is  critical  to  a  smooth,  reliable  operation  and  is  one  which 
we  must  emphasize  more  in  the  DNSDP  planning.  According  to  Capt.  Lebert, 
the  system  operational  availability  over  the  last  year  has  been  0.9997. 
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Computer  Center 

NAG  operates  a  didicated  computational  center  which  includes  an  IBM  7094, 
and  two  360/40's.  The  7094  is  backed  up  by  four  other  7094' s  in  the  Base 
Data  Processing  Facility.  The  back-up  must  be  used  about  five  times  a 
month.  The  7094  is  used  for  the  orbit  determination  computations  which 
ar a  required  approximately  ten  times  a  day.  Each  determination  requires 
2.7  billion  computations  and  takes  93  minutes.  Each  orbit  determination 
results  in  a  250k  bit  message  which  is  transmitted  to  the  appropriate 
injection  stations  via  an  IBM  7702  tape-to-tape  system.  These  messages 
are  prepared  for  3  12  hour  injection  periods.  Normally  only  the  message 
for  the  first  12  hour  ''cluster"  is  used  since  subsequent  tracking  data 
will  be  used  to  update  the  message.  However,  if  for  some  reason  bad 
tracking  data  or  a  faulty  computer  prevents  the  determination  of  a  new  set 
of  messages  at  the  end  of  the  first  12  hour  "cluster,"  the  second  message 
from  the  previous  cluster  is  available  for  injection  into  the  satellite. 
This  procedure  allows  for  maintenance  of  satellite  navigation  data  in  the 
event  of  Computer  Center  failures  in  excess  of  24  hours. 


Injection/Tracking  Facility 

We  were  shown  through  the  Injection/Tracking  Facility  by  LCmdr.  Watson. 

This  facility  includes  a  60-ft  X-Y  Antenna  (provided  by  Philco-Ford  WDL), 
a  quad-helix,  dual  BRN-3  tracking  receiver/navigation  computer,  an  8  kW 
comnand  transmitter,  dual  rubidium  time  standards,  an  AN/YUK-1  data 
processor,  various  data  transmission  and  data  handling  equipment,  simu¬ 
lation  and  test  equipment.  Command  and  telemetry  frequencies  are 
classified.  The  command  system  is  a  multi  tone  system;  telemetry  is  an 
IRIG  FM/FM  system  with  35  channels  including  subcummutation.  All  antenna 
pointing  is  done  from  computer  driven  tapes  using  the  WDL  antenna  con¬ 
troller.  The  station  supports  approximately  20  passes  a  day  of  which  3 
to  5  are  injection  passes.  Tracking  passes  require  20  minutes  of  set  up 
plus  20  minutes  of  actual  tracking.  Injection  passes  require  approxi¬ 
mately  1  hour  including  set-up,  readiness  tests,  injection  and  tracking. 
Total  site  manning  is  37,  four  shifts,  4  operators  per  shift,  2  maintainers 
per  shift.  There  are  plans  to  consolidate  06M  functions  to  reduce  the 
number  of  personnel  required.  We  arrived  during  an  injection  pass  which 
was  annotated  by  LCmdr.  Watson  as  follows: 

The  site  receives  a  250,000  bit  injection  message  from  the  computing  center 
approximately  60  minutes  before  the  pass.  This  tape  is  duplicated  upon 
receipt  for  safety,  then  loaded  into  the.  AN/YUK-1,  The  tape  contains  all 
data  for  the  satellite  injection,  time  oriented  event  sequences  for  the 
ground  equipment,  antenna  pointing  data  for  the  antenna.  Station  readi¬ 
ness  is  tested  by  simulating  the  actual  pass.  Injection  data  is  fed  to 
the  conmand  transmitter,  then  into  a  "satellite  simulator"  which  in  turn 
sends  navigation  signals  to  the  navigation  receivers,  which  generate 
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tracking  data  which  is  sent  to  the  navigation  processor  which  computes  a 
position  fix.  If  the  results  are  valid,  th  j  station  is  ready  to  support. 
All  real-time  functions  during  the  pass  a.e  controlled  by  a  sequencer 
called  the  Digital  Control  Unit  (DCU)  a  device  designed  and  built  by  the 
personnel  at  this  site. 

The  BRN-3  Navigation  Sets  at  this  site  are  the  type  which  are  used  by  the 
submarines.  This  equipment  required  six  racks  which  occupied  an  entire 
wall.  All  data  processing  and  navigation  equipment  was  contained  in  an 
RFI  enclosure.  The  reason  given  for  the  enclosure  was  security.  However 
there  is  evidently  mutual  interference  between  equipment  within  the  room 
much  of  which  is  in  the  form  of  locally  fabricated  prototypes  in  non-RFI 
racks.  Power  reliability  and  stability  is  also  a  major  source  of  trouble 

The  AN/YUK-1  site  computers  are  scheduled  for  replacement  soon. 


Satellite  Clocks 

Hie  methods  used  by  NAG  to  monitor  and  maintain  system  time  are  of  particular 
interest  in  that  the  same  procedures  are  applicable  to  DNSS.  The  time 
standard  at  the  injection  facility  at  Pt.  Mugu  is  considered  to  be  the 
master  clock.  After  each  tracking  pass,  the  computing  center  estimates  the 
timing  error  between  that  satellite/site  and  the  macter  clock.  This 
estimate  is  automatically  provided  to  the  operations  controller  within  a 
few  minutes  of  the  pass.  The  estimated  error  is  treated  as  a  satellite 
clock  error,  i.e.  the  tracking  station  error  is  assumed  to  be  zero. 

However,  since  most  passes  are  covered  by  two  sites,  site  peculiar  errors 
can  be  estimated  by  an  experienced  controller  and  fed  back  to  the  tracking 
site  by  voice  for  manual  correction.  The  accumulated  error  for  each 
satellite  is  carried  on  the  master  status  board.  During  our  visit,  errors 
for  the  5  satellites  were  listed  as  -8,  +2,  -10,  +4,  -7  microseconds.  The 
satellite  clocks  can  be  reset  in  increments  of  10  p s  during  each  injection 
Criteria  for  when  to  reset  is  derived  from  the  navigation  error  which  is 
computed  for  each  station  for  each  pass.  One  of  the  tracking  sites  is  co¬ 
located  with  a  Naval  observatory  time  standard  (HAW)  so  that  the  synchro¬ 
nization  errors  between  this  site  and  the  master  clock  at  Pt.  Mugu 
represents  system  time  synchronization  relative  to  other  Navy  operated 
navigation  systems. 

A  bibliography  of  applicable  documentation  was  obtained  and  is  attached. 

A  pictorial  supplement  to  the  NNSS  System  Manual  is  available  in  the  DNSDP 
Reference  File. 
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Conclusions 

NAG  is  a  small,  effective  organization  which  includes  many  highly  trained 
personnel.  Any  consideration  of  future  DNSS  configurations  must  address 
the  question  of  how  these  people,  their  existing  expertise,  and  their 
existing  facilities  could  be  used.  Although  the.  technology  they  are  using 
is  not  applicable  to  DNSS,  the  procedures  and  techniques  they  have  developed 
for  system  operations  and  control  are  extremely  effective  (as  compared  to, 
for  example,  the  SCF) . 

This  visit  suggests  several  areas  worthly  of  our  further  consideration: 

•  An  operational  analysis  of  the  satellite  injection  process 
using  existing  NAG  procedures  and  timelines  as  a  basis. 

•  Design  of  man/machine  interfaces  for  the  operations  center 
derived  from  existing  NAG  control  center  layouts,  summary 
messages,  alarm  messages,  performance  checks. 

•  Use  of  the  Pt.  Mugu  injection  station  for  T&C  functions  for 
Phase  1  by  adding  a  stand-alone  SGLS  system. 

•  Design  monitor  status  around  new  NAG  site  processors,  plan 
to  get  processors  GFE,  use  NAG  software  development, 
particularly  communication  interfaces. 


v  i'.  idMuy — 
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NAVASTROGRU  PUBLICATIONS  LIST 

I  , 

| 

INJFAC  1-1,  Part  1 — System  Description  and  Operation 
INJFAC  1-1,  Part  2 — System  Planned  Maintenance 

INJAC  1-2,  Volumes  1,  2,  and  3 — Philco-  60-Foot  Antenna  Operation  and  Maintenance 
INJFAC  1-10 — Satellite  Simulator  Operation  and  Maintenance 
^INJFAC  1-11A — Transmitter  Operation  and  Maintenance 
INJFAC  .1-12 — Modulation  Monitor  Operation  and  Maintenance 
INJFAC  1-13 — Transmitter  Monitor  Converter  Operation  and  Maintenance 
INJFAC  1-14A — Time  and  Frequency  Control  Operation  and  Maintenance 
INJFAC  1-15 — Spectrum  Display  Unit  and  Signal  Monitor  Operation  and  Maintenance 
INJFAC  1-16 — Telemetry  and  Satellite  Command  Equipment  Operation  and  Maintenance 
INJFAC  1-16,  Supplement  1 — Telemetry  Compositor  Mod  2  Operation  and  Maintenance 
INJFAC  1-17 — AN/BRN-3  Alternate  Reader  and  Punch  Equipment  Operation  and  Maintenance 
I  INJFAC  1-18— Digital  Control  Unit  Operation  and  Maintenance 
INJFAC  1-20 — Interior  Communications  Systems  Operation  and  Maintenance 
INJFAC  1-21 — Antenna  Data  Input  System  Laguna  Peak  Operation  and  Maintenance 
NAG  Technote  34-65 — Telemetry  Reception  Procedures,  16  June  1965 

APL  Publication:  (Unclassified)  TG-623 — Processor  Test  Unit  by  M.  Newcomer,  Nov.  1964 
Machine  Reference  Manual  M250-2019— TRW-130  AN/UYK-1 

Technical  Manual  M250-2U1  for  AN/UYK-1  (TRW-130) --Digital  Computer  Volume  1  of  2 

Technical  Manual  M120-2U3--TRW-140  Controller 

Technical  Manual  M250-2U47 — TRW-192/170  Magnetic  Tape  Set 

Utility  Technical  Manual — Operation  and  Maintenance  60-Foot,  X-Y  Mounted  High-Gain 
Antenna  System  Philco  WDL-TM-6001-3  (15  March  1963) 


| Operation  and  Maintenance  Data — Rucker  Model  S-1345  Hydraulic  Power  Plant 

| Operation  and  Maintenance  Data — Rucker  Model  S-1346  Hydraulic  Manifold  Assembly 

Maintenance  Manual — Perforated  Tape  Reader  Models  3500  and  B-3000 

Operation  and  Maintenance  Manual — Kleinschmidt  Printer 

Operating  Instructions — Standby  Power  Supply  Model  311A 

Operating  Inrtructions — Rubidium  Frequency  Standard  Model  304-B 

Instruction  Manual — Crystal  Controlled  Dual  Frequency  PM  Signal  Generator  SRA  612 

Instruction  Manual — Time  Code  Generator  Model  7140,  AstroData 

Operating  and  Service  Manual — Electric'  Counter  5245L,  Hewlett-Packard 

INJFAC  1-25 — Universal  Standby  Power  Supply,  Operation  and  Maintenance 

4  Operation  and  Maintenance  Manual — Perforated  Tape  Handler  Models  4566A,  B-4566A, 
4566ALCR,  B-4566ALCR 

Instruction  Manual — Models  LA-5-03B,  LA-50-03  BM,  Regulated  Power  Supplies,  Lambda 
Electronics 

Operating  and  Service  Manual — 115CR  Frequency  Divider  and  Digital  Clock 
Tape  Reader  Manual — CDC-350 
Power  Supply  Manual — Dressen-Bames  21-102A 
Power  Supply  Manual — Dressen-Bames  22-217 
Instruction  Manual — Data  Recorder  Model  906,  Honeywell 
*  Instruction  Manual — Data  Recorder  Amplifier  Type  T6GA-500,  Honeywell 
Instruction  Manual — Time  Code  Generator  Type  6190,  AstroData 
Instruction  Manual — Commutator  Hold  Synchronizer,  APL 

Operating  and  Service  Manual — 200TR  Precision  Telemeter  Test  Oscillator,  Hewlett-Packard 

Technical  Manual--GD-500  Transistorized  Phase  Lock  Discriminator,  Vector  Manufacturing 
Co. 

Technical  Manual — GTCU-500  Tape  Compensation  Unit,  Vector  Manufacturing  Co. 

Operating  and  Service  Manual— 450CR  Automatic  DC  Digital  Voltmeter,  Hewlett-Packard 

Operating  and  Service  Manual — 5532A  Electronic  Counter,  Hewlett-Packard 

Operation  and  Maintenance  Manual — T6GA-500  Galvanometer  Amplifier,  Heiland  Div. 

Honeywell  Co. 


^Operation  and  Maintenance  Manual— 906c  Visicorder,  Heiland  Div.  Honeywell  Co. 

j Instruction  Manual— FR1200  Magnetic  Tape  Recorder,  Ampex  Corp. 

Instruction  Manual — 6190-600  Time  Code  Generator,  AstroData  Inc. 

Technical  Manual — SE-10  Automatic  Bulk  Head  Tape  Degausser,  Ampex  Corp. 

Instruction  Mjinual — Model  905  WWV  Receiver,  Beckman 

Operating  and  Service  Manual — Model  599-CS  VLF  Receiver,  Textran 

Instruction  Manual — EECO  880  VLF  Receiver,  Electronic  Eng. 

Operating  and  Service  Manual — Model  130C  Oscilloscope,  Hewlett-Packard 

Operating  and  Maintenance  Manual — Model  115CR  Frequency  Divider  and  Digital  Clock, 
Hewlett-Packard 

^Operating  and  Maintenance  Manual — Model  680  Strip-Chart  Recorder,  Moseley 
Operating  Instructions — Model  A  Recorder,  Rustrak 
Instruction  Manual — VLF  Standby  Power  Supply,  1  me  Distribution  Amp 
Instruction  Manual — Model  2.5  Frequency  Standard,  Sulzer  Labs. 

Instructions—Model  5P  Power  Supply  (Addendum  to  Model  2.5  Pre-Standard  Instruction 
Manual),  Sulzer  Labs. 

Standard  Instruction  Manual  Addendum  to  Model  2.5  Frequency — Model  SA6-1  Buffer  Ampli¬ 
fier,  Sulzer  Labs. 

Operating  and  Service  Manual — Model  725AR  Standby  Power  Supply,  Hewlett-Packard 
Instructions — Model  1  Linear  Phase  Detector,  Sulzer  Labs 
OPTRAC  1-11 — 0PTRAC  Components,  Operation  and  Maintenance 

OPTRAC  3-10 — Time  Recovery  and  Memory  Readout  Unit  and  Satellite  Memory  Simulator 
Operation  and  Maintenance 

OPTRAC  3-11— Stereo  Amplifier  Operation  and  Maintenance 

OPTRAC  3-11 — Helix  Antenna  Operation  and  Maintenance 

Equipment  Manual — Radio  Receiver  R-1132-BRN-3  NAVSHIPS  94365,  Vol  II 

NAG.SPALT-NAG-BRN-0001 — Modifications  to  Radio  Receiver  R-1132  AN/BRN-3,  for  use  in 
Navy  Astronautics  Croup  Tracking  and  Injection  Stations,  W/C2,  Dec.  3,  1965 


DC  Coupling  Preamplifier  Sanborn  Models  S50-1300;  850-1300B 
DC  Coupling  Preamplifier  Sanborn  Models  850-1300D;  850-1300Z 


1  Instruction  Manual  Model  2.5  Frequency  Standard — 5  MC  Off-Set  Standard  Model  2.5  (Mod 
for  5  me  output) ,  Sulzer 

Operating  and  Service  Manual — 725AR  Standby  Power  Supply,  Hewlett-Packard 
Instructions — Model  HTP-115CR  Digital  Clock,  Hewlett-Packard 

Recording  System,  Sanborn  Models  856-5460N,  856-5460",  858-5460 — Model  356-300W  Six 
i  Channel  Recorder,  Sanborn 

Operating  and  Service  Manual — 1781B  Delay  Generator  (P/U  for  Mod.  175A  Scope)  Hewlett- 
Packard 

Augmented  Tracking  Antenna,  Pedestal,  and  Control  System  Manual — Model  J225  Tracking 
Antenna  Pedestal,  Scientific  Atlanta 

Technical  Manual — Radio  Navigation  Set  AN/BRN-3  Vol  I  through  Vol  III,  Westinghouse 
TS-65-161 — Satellite  Memory  Simulator,  NOTS  China  Lake 
^ INJFAC  1-1  Appendix  C— Voltage  Monitor  Panel  Mod,  NOTS  China  Lake 
Header-Tailer  Programmer  HTP-01,  Decisional 

INJFAC  1-1  Appendix  C — Oscilloscope  Signal  Switching  Unit,  NOTS  China  Lake 
•Operating  and  Service  Manual — 175A  Oscilloscope,  Hewlett-Packard 
Instruction  Manual  -  'M-8A  Doppler  Digitizer  and  Station  Clock,  Abacus,  Inc. 

Instruction  Manual — Model  420  Tape  Perforator,  Tally  Corp. 

Operation  Instructions — Model  310-C  Standby  Power  Supply,  General  Technology  Corporation 

Instruction  Manual — Models  LE101,  LE101M,  LE101FM  Regulated  Power  Supplies,  Lambda 
j  Electronics 

Instruction  Manual — Model  HI-300-6  Display  Assembly,  Hyperion 

Instruction  Manual— EECO  330  VLF  Receiver,  Electronics  Engineering  Co.  of  California 

COMNET  1-11,  Data  Buffer  Synchronizer  Operation  and  Maintenance 

COMNET  2-12,  Data  Transmission  Terminal  Operation  and  Maintenance 

COMNET  2-] 2,  Supplement  A — Data  Printer  Control  Operation  and  Maintenance 

COMNET  2-12,  Supplement  B— TRADAT  Interface  Operation  and  Maintenance 

COMNET  2-12,  Supplement  C— Communications  and  Switching  Distribution  Unit  Operation 
and  Maintenance 

COMNET  2-13,  Model  420  Perforator  with  NAVASTROGRU  Modifications  Operation  and 
Maintenance 


Installation  and  Operating  Manual — CHB35A  PA  Amplifier,  Bogen 
Installation  and  Operating  Manual — MU15A  PA  Amplifier,  Bogen 
Installation  and  Operating  Manual — MU10A  PA  Amplifier,  Bogen 

Installation  and  Operating  Manual--T-C-4906  Chief  Master  Station,  Talk-A-Phone  Co. 
Installation  and  Operating  Manual--T-C-42  Chief  Staff  Station,  Talk-A-Phone  Co. 
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DEPARTMENT  OF  THE  AIR  FORCE  /$'  vn 

HEAOQUARTERJ  659TD  AIR  BASH  GROUP  (AFSC)  U  •  -  ••  V 

LOj  ANCCLES  AIR  rORCE  STATION.  PO  BOX  97960.  W0RLO.WAY  POSTAL  CENTER  ' 

LOS  ANGELES.  CALirORNIA  90009  /J 

Yg  .  "  28  December  1973 

!•  , 

Global  Positioning  System  (GPS)  Control  Cement  Alternatives 


Philco-Ford  Corp. 

ATTN:  Mr  Gene  Hickccx 

1.  The  GPS  JPO  and  visitors  from  various  DOD  agencies  were  briefed 
by  your  GP3  GS/UE  definition  team  during  the  18-19  December  1973 
IT)  Meeting.  One  topic  was  the  relative  merits  of  adapting  several 
existing  DOD  facilities  to  provide  the  Phase  I  GPS  Control  Segment. 

Pour  DOD  organizations  were  considered:  (l)  AF3CF,  (2)  4000  Aerospace 
Applications  Group,  (3)  t-.'.'r.  and  (4)  NRL/nvL.  The  purpose  of  this 
letter  is  to  outline  a  GcutiC.l  Segment  configuration  which  uses  the 
resources  of  three,  and  possibly  four,  of  the  above  named  organizations. 

2.  The  configuration,  as  described  in  Attachment  1,  incorporates  a 
-chined  upload  and  monitor  station,  Site  3;  which  uses  a  novel  method 
to  insure  proper  loading  of  the  space  vehicle  navigation  subsystem. 
r;te  3  should  provide  the  capability  to  calibrate  space  vehicle  \c locks 

ntely  prior  to  the  test  period  over  Southwestern  ConUS,  and  might 
die  to  operate  with  satellites  appearing  North  of  the  station,  12 
(.•>  no  hours  after  data  upload. 

3.  The  remaining  attachments  are  reports  of  trips  and  telephone  con¬ 
versations  which  relate  to  Attachment  1.  Your  team  should  be  prepared 
to  discuss  the  various  capability  and  cost  trade-offs  which  contrast 
the  configuration  described  in  Attachment  1  with  others  you  are 
considering, during  the  10  January  1974  meeting  at  SAMSO. 

4;  /4  - 


RICHARD  Hj/J ESSEN,  Lt  Col,'  USAF 


Director,  Engineering 
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1.  Control  Segment  Deployment 
Using  the  NAG 

2.  Trip  Report  to  NAG,  13  Dec  73 

3.  Telecon  7  Dec  73 

4.  Visit  to  NAG,  19  Nov  73 

5.  Trip  Report  to  NRL  &  Blossom 
Pt.  Maryland,  20-21  Nov  73 
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Control  Segment.  Deployment  Using  the  Navy  As  l.ronautl  cr.  Group 


1.  INTRODUCTION 

Phase  I  of  the  Global  Positioning  System  (OPS)  Control  Segment  will 
use,  where  practical,  existing  DOD  resources  in  the  form  of  facilities, 
hardware,  and  personnel.  A  discuss '.on  of  liow  the  Nary  Astronautics  Group 
of  Pt  Mugu,  California  might  be  usei  as  an  operating  agency  for  the  GPS 
Control  Segment  follows: 

2.  BACKGROUND 

Since  1967,  the  Navy  Astronautics  Group  (NAG)  has  served  as  the  opera¬ 
ting  agency  for  the  Navy  Navigation  Satellite  System  (NNSS).  Using  the 
TRANSIT  satellites,  ti.e  NNSS  provides  accurate  navigation  fixes  to  several 
classes  of  users  at  approximately  two-hour  intervals.  NAG  observes  the  motion 
of  the  TRANSIT  satellites  using  four  ground  stations.  A  facility  at  Pt  Mugu 
serves  to  combine  measurement  data,  compute  orbits,  predict  ephemerideo  for 
the  satellites,  and  format  each  ephemeris  for  uploading  into  satellite 
memory.  The  Spring  1971  issue  of  "Navigation:  Journal  of  the  Institute  of 
Navigation"  contains  a  discussion  of  the  NNSS. 

3.  CANDIDATE  CONFIGURATION 

a.  Pt  Mugu 

The  GPS  Master  Control  Station.  (MCS)  and  one  Monitor  Station  (MS) 
will  be  co-located  with  the  NAG  facilities  at  Pt  Mugu.  The  NAG  staff  will 
be  augmented  to  support  GPS  operations.  Ihc  MCS  will  access  NAG  and  GPS — 
peculiar  telecommunications  to  three  other  sites  which  complete  the  Phase  I 
GPS  Control  Segment.  The  MCS  will  perform  the  combining  of  measurement  and 
historical  data,  orbit  determination,  ephemerides  generation,  and  space 
vehicle  navigation  subsystem  upload  message  formatting  on  a  new,  dedicated 
computing  system.  The  MCS  can  uccess  the  NAG  WATS  for  1200  baud  data  com¬ 
munications  to  NWL  for  external  computational  support  or  for  communications 
with  other  agencies  required  for  GPS  operations. 

b.  Wahiuwa,  Hawaii 

The  NAG  Hawaii  facility  will  house  .i  GrS  Monitor  Station  find  provide 
a  telecommunications  link  to  the  MRS  fit  Pt  Mugu. 

c.  Site  3 

Site  3  in  located  at  an  operating  DOD  facility  in  the  Northwest 
CONUS  or  Alaska  und  includes  nn  Upload  Slat.ioji  and  Monitor  Station.  Site 
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selection  J ::  based  on  (l)  space  vehicle  visibllJ Ly  for  data  message  upload, 
(p)  access  Lo  existing  l.c.lcconiiiiunl callous  which  could  he  eotmccl.ed  to  llic 
MCS,  and  ( jj)  space  vehicle  mou:U.o>\liig  geometry. 

The  Upload  Station  addresses  the  apace  vehicle  by  means  of  an  entry 
preamble  which  is  loaded  as  cipher  text  by  the  AFSCF  during  telemetry 
readout.  The  proper  preamble  allows  the  Upload  Station  to  access  the  space 
vehicle  navigation  subsystem  and  load  iL  with  navigation  data  in  the  clear. 
Additional  words  which  serve  Lo  verify  proper  loading  are  included  in  the 
upload  message.  Verifications  of  proper  loading  of  each  message  block  is 
indicated  by  the  state  of  certain  bits  in  the  L-band  navigation  duta  frame 
and  S-band  telemetry.  . 

d.  Site  4 

Site  4  is  located  at  an  operating  DOD  facility  which  provides  good 
space  vehicle  monitoring  geometry  r.nd  access  to  telecommunications  to  the 
MCS. 

e.  The  AFSCF 

The  AFSCF  is  responsible  for  (l)  placing  the  GPS  space  vehicles  into 
the  proper  orbits  immediately  after  launch,  (2)  space  vehicle  commanding 
and  configuration  control,  (3)  space  vehicle  telemetry  readout,  and  (4) 
loading,  as  cipher  text,  the  preamble  word  needed  by  the  GPS  Upload  Station 
to  access  the  navigation  subsystem. 


HM'i.tAill'I'M  KOI:  Till-:  UKOOhl) 


.  ;ni,n:.  .T:  Trip  Report  I.D  (/AO  on  1.3  December  iff  VS 

1 .  Alt  •  ii'li  cs : 

Mr.  Turn  2>mi '  >i 
Mr.  Gary  Kennedy 
Mr.  GhuiTes  Clark 
Mr.  Lores  Campbell 
Mr.  Pete  Marl. in 
Hi-.  Joseph  t’odorsck 
Mr.  Howard  Newman 
Mr •  J  im  Corey 
Mr.  Robert  Dll’alma 

2 .  Purpose: 

To  examine  the  ground  station  system  at  the  I.'aval  Astronautics 
Group  and  acquaint  General  Dynamics  and  Mellon  lee  uith  l.'AG's  capabilities. 

3.  1)1  rrnrr.lonn: 

'ilio  local. Ion  or  several  iJuvy  remote  installations  were  discussed. 

Gome  r, iter,  are  operated  by  contract  by  Hew  Mexico  University  vliilc  others 
are  manned  i >;/  forcir.n  nationals. 


Satellite  Propram  Manager  (AU )073-^7O2 

Computer  flystcm  Analyst 

Coinmuii  I  eat  Lon  and  Facilit  ies  (AU)07;i-toi7 

(AU)(i73-U70;.* 

’fllAHET  (AU)073-UOO7 

Satellite  Knp.lnecr 

General  Dynamics 

General  Dynaml.es 

Uel.lonlcG 


‘Die  Navy  uses  a  time  shared  commercial  data  line  from  Don  on  to  Hawaii. 

'Ihe  NAG  remote  sites  include  Prospect  Harbor,  Maine:  Rosemont,  Minnesota; 
Lamina  Peal;,  California:  and  Hawaii.  To  each  station  in  Hawaii,  Maine, 
and  Minnesota,  Lie:  Hair;  liar,  dedicated  C-2  conditioned  lines  consisting 
of  1  voice  line  (2  wires)  and  2  data  lines  (H  wires).  All  lines  liavc 
a  1200  baud  capacity  but  arc  to  be  ungraded  to  2000  bauds.  Tliclr  modems 
ar-c  f'Oi.H  Western  Klectrle  and  are  slated  for  eventual  replacement  by 
201)11  or  2001!  models.  The  total  cost  fo-  all  3  lines  J.s  :'»)3»t)00  per  year 
with  annua),  dep'-oe lal.ion  rcduci.11:'  llu:  cost  each  year.  An  cxnmplc  case 
was  f'i von  in  which  another  Davy  command  was  allowed  to  use  the  lines 
for  one  hour  each  day  at  a  rate  of  :,',L2/hour . 

Mr.  J .'liar t os  OlaiT.  stated  Llic  Navy  Fleet,  '.leather  Gcrvice  operated  a 
M '.(;()  i.au'l  unclassified  data  l  ine  I  r  tween  !'.ai;ali  anil  Guam  at  a  cost  of 
•7','> ill)  i/mon l.li .  This  could  por.r.ildy  be  used  part  Lime  by  GPL  nrov I  d  Inc 
certain  questions  were  answered  (see  next  section).  The  dally  time  slots 
that  are  currently  available  are  from  I'JOO  to  ul3M  GUIJJ  and  11.00  to  1330 
LULU.  If  is  also  possible  that  slots  .,r  10  to  20  minutes  could  become 
available . 


A  prcseii l.al. ion  b;.  Mr.  Gary  Kennedy  on  t.lic 
cradln,"  nf  the  cnmnufatinniil  sy si <n  1 « •  1 1 •  . 
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prcftpn lnt.l< mi  lr.  attached.  ’(lie  preempt  plan  1c  to  upr»railo  Uic  network 
In  Uic  I'lYV  -  1**77  time  perl*’*!  (llnvull  or.ooplod).  In  April  uf  , 
tlic\V  will  notpitl'C  a  'r«4-H  remote  c  tall  on  I'ur  iIcimii’.i'Iiic,  ninl  initial  loi.ln. 

A  I'DP-ll  enmnulcr  It;  the  Icndtni;  contender .  Machine  lhiu^mi;v  will  l.c 
need  t*or  the  I'cuulo  a l Lon,  uherens  1*1.- 1  will  l<c  adopted  fur  the  II. Q. 
computer  acquired  in  l.lu:  I'ffll  -  I'tt)  time  period. 

For  the  present  Transit  system,  the  downlink  Frequences  nre  150 
and  hoo  Mil::  anil  the  uplink  in  at  lA.3  Mil;:.  Downlink  telemetry  ic  at 
50. IT  hltn/r.cf  !'h  sc<:/l‘mmc;  5  1‘mmec;  .('>  cec  For  each  channel.  The 
Injection  message  comprising  the  ephemerls  data,  memory  data  and  com¬ 
mands  concir.tr.  of  6*10  words  of  39  hits  each  (approximately  Q5.000  bite). 
Commanding  hit  rates  over  the  auxiliary  mode  eonclctc  of  ?  blts/uec  (two 
tones)  whereas  the  operational  mode  uses  1600  bil/see  rates. 

I 

4.  Questions  aid  Actions: 


a.  Mr.  Clark  requested  a  vrritten  response  to  these  four  questions 
concerning  the  possible  01*0  use  of  the  Gunm  to  Hawaii  data  link: 

(l)  How  does  0P3  plan  to  input  data  intb  present  syctcm? 

(Uhat  equipment  will  be  used?) 

(L-)  Time  required  for  each  data  transmission? 

(3)  Total  time  required  dally  for  each  data  transmission? 

(4)  Can  the  data  be  sofjncntcd  lor  transmission  when  time 
becomes  available  caeli  day? 

b.  present  Navy  Transit  satellites 
had  battery  llneG  of  5-6  years 


J<  -'eOl. 

MAX  PH0rj\,  Capt,  USAF 

Ground  f.tnllon  Division  Engineer 
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Memo  for  Hu co l-d  13  December  1973 

Hub,):  Tolucon  7  Doc  73  “  'Pom  Sclf/NAG  und  Ctip I.  Kennard 

Mr  Self  vmr,  contacted  1.o  learn  that  neither  of  the  bO-foot  ref  lee  Lorn 
hnn  ever  been  focused.  lie  stuted  Lhat  the  stiction  problem  in  the 
Ph.llco  antenna  occui*red  during  checkout  of  the  antenna  by  NAG  in  the 
early  1960c,  und  that  the  stiction  had  caused  a  few  mounting  bolts 
to  be  loosened,  'ibis  contrasted  a  semantic  micunderc Landing  which 
had  lead  me  to  believe  that  the  reflector  had  separated  from  its 
pedestal.  Philco  was  called  in  and  welded  the  reflector  down. 

Mr  Self  did  not  know  whether  or  not  this  would  cause  problems  in 
focusing. 

oao! 

ROBERT  W  HENNA RD,  Capt,  USAF 
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Capt  llcnnard/3120P/vi»/27  IJov  1973 
;::to:yjfnui  m\  til*  nixarji 

!.:irji,nx.,r:  VJiilt  to  Ucivy  Autmmvlicfl  Croup  -  19  Hov  1973 

1.  Vcruouo  Jiepreoentiud  CAMGO: 

It  Col  Doiaila  Capper 
Copt  Hubert  llenmrd 
Taa  Connor 

Ur.  Ilsruhall  Fits.'cmld 

2.  1IAG  Pcroonual  tuid  Functional  Art*: 

Ctndr  Albert  lliayar 
Lt  Chdr  batoan 
Uiarlco  Clark 
Joseph  Pulorook 
Ton  Cfliith 
Gory  Kennedy 
'ihoi.no  Gdf 
loren  Crapbell 

'.‘ooiuiical  Diocucniono 

r..  JT.rCF/rC.'GG  Ovcr/lcu 

Glnco  nouo  of  tlic  KAO  pern  coin  el  were  not  up  to  cpced  on  the 
current  JT3P0  piano,  Ormlr  'layer  retiucotcd  Capt  .Heunard  to  clvc  a  chort 
lvio',lns  an  the  functioning  and  plana  for  isplcncntin'*  KELP  caul  tlie 
truuaitiun  to  DUCT.,  Questions  on  the  satellite  eonotcUnticn  anil  01(9*1 
structure  irere  aiiEnrered.  TlifcJiuoio  an  tho  ('round  accjscnt  and  hov  it 
nitfit  Internee  vltli  TIA3  operations  me  v.ocd  to  pro  race  tlic  day'o  dlacuo- 
ciouu.  Cbdr  llmycr  call  that  Capt  Lcbcrt  Mould  1U»  to  receive  a  copy 
of  any  document  reflecting  our  current  pro^jram  piano.  'iho  J3P0  Mill, 
tlierciaro,  farmrd  a  copy  of  the  recent  baoclir.o  docujeut  to  lilxi. 

b.  Telecon.runlcaticma 


Lxecutivo  Officer 
lacuna  Peak  Station 
tclocoLnunica  tions 
apace  vcliiclo 
flyotem  cnjjinearina 
corjputcru 
antennao 
softuare 


AKCP/JT 

GA.TJ0/Y13I 

Aerocpaco 

Stanford  Tclccorcunicatiano,  Inc. 


Clarice  Clarl:  preoeuted  data  on  tlic  nature  of  tlie  (jrounil 
canmiulcatlanu  llnho  and  Uia  tjpea  of  tiatu  CemJeialu  being  used.  An 
otated  in  an  earlier  ijcrao  for  Uic  record;  colicdule  CT!  conditioned,  L- 
vlro  lines  arc  vcod  to  nil.  rci'iola  niton,  '.'.he  loll  modK'in  arc  typo 
202f,  rated  at  2K  lard.-  'jliccc  nodei.u;  Mill  be  replaced  ultli  202L'  modeao 
idle n  tliey  bccono  available.  Iho  fort  Kuenouo  to  ItolniLnpo,  licAOii  cir¬ 
cuit  uhich  u!\nrco  tJic  J1AG  lcc.cod  lino  ucco  b'.'jQO  lord,  fell  20GA  nodcu3. 
HAG  also  hno  20211  data  uotu  rated  at  1200  Zav.C  for  uno  on  tlieii’  MAT'D 
circuit.  Clarl:  otated  that  tho  llinncuota  line  currently  Jiao  20,  >  utili¬ 
sation,  cuitl  (lie  Maine  line  Ian  1)3)1  ut llliation.  Tlic  dlfi'orenco  io  due 
to  tho  Gout  tliot  tho  Maine  circuit  hao  u  drop  into  Miiuieuota  uhidi 
accounts  for  oorio  uca<jo.  AlAfOr/Oll  has  not  been  alio  to  support  1200  Vend, 
data  trananioaiano. 
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On  a  dully  tuelii,  ’’A-.!  pa  (/>  floppier  passes  cucli  requirin'.; 

’,/}  sccondo  data  ii-ajKJt.iIunit/j)  tine  tuul  L'O  data  injection  passes  each  rcqylr- 
In.’,  -V  ■  •  ucvnulc  daiu  tixuirr  iluslun  th.xj.  b'lth  s.Kn.u':ml"nt!.oii,  these  tlueu 
•■M.U  decrease  Lt\n  V*'-  to  jO  seconds,  and  ."iff.;!  '»  noeavln  to  >1^  occcflids, 

tt;y.i'cc  -.liutol:,- .  bo.v:vi:l  pcrfuraiu  no  'Injections,  raid  tho  use  o  ’  too  Inine 
station  for  in,;ec<;i.or.c  is  \mdeslrablo  since  it  tois  no  parabolic  antenna. 
i.'cn.nO.'!.} ,  a  primry  ond  backup  station  tats  used  for  injections.  Thin 
romilts  An  a  line  ueevue  total  oi1  -.‘0  hours  1'.  ritoitrbcfi  i»o*  math  for  doppler 
l<isr;<n..,  and  If-h  Lours  I ,  liinuLoti  per  taunt! t  us:  data  in, lection  paseou, 
based  on  f.’  efcatiuns  oycintluj  tei  euu»  pass.  (tPiis  io  toy  calculation  and 
my  l<*  cuiccrvativo. )  Lino  usa;;c  to  Hauail  by  Port  kuenew  is  Lhj  liouro 
pev  nsnth.  (Aucuniiv;  bo  hours  ')  iiLnutcs  per  station  for  floppier  tvac;> 
luj  and  li:  houro  f  riLnr.tco  ‘por  stotlom  far  in;;  fictions,  t hif;  :lr.g>X.ltT.  u  22?> 
uciijio  oi  tlio  Kauoli  line,  and  l4p  inryjc  of  Taj iciu  mu 1  Itkoiesota  linos, 
uith  3,'  uaa,jc  of  tho  ’ iaine  line*  Apparently  IflO’s  uav^  statistics  l’oTlect 
n  ry oat  float  or  tinto  on  too  ca.panlcm  C-wiro  voice  circuits . )  There  ftiT 
other  data  tmeioro,  tut  they  clo  not  ccm  to  mlxs  tin  Depreciable  contri¬ 
bution  to  tho  lino  loadings. 
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/Trior  to  cucli  floppier  truelriuj  pans,  Point  ’Juju  otauiu  out  a 
nocm,;c  viiich  ic  p:ojc!;cd  onto  paper  tape  for  pointing  the  Ulffc  parabolic 
nartomia,  or  Identifies  a  eatnlojued  tape  lev  pain  tixvj  the  helical  anten¬ 
nae.  The  station  erov  prepares  a  header  far  the  floppier  tract  toxy  tape, 
and  teouiUes  other  ccj\dp;Kint  for  the  trackin';  pace.  Tlio  tapo  recolvoo 
Onto,  rolatUi ;  to  toe  differential  la  tine  between  tlio  satellite  and  ct. 
tii-n  elec;  a,  •’,•  second  line  interval  :*iar!.o,  mid  ilnta  indicating,  tlio  tine 
to  obtain  c.  variable  tut  preset  doiylcr  count.  Tlio  floppier  count  cn  the 
tapes  hao  ..con  corrected,  for  at:.r>sp!ier.te  path  efiects  ^  the  rccoivcr, 
and  la  ix».. erred  to  aa  "vr.cut.i  floppier". 

11  ic  I’o;lnt  Ilu^u  built  'iSlAaM  •la’anoforo  tl*o  tape  data  to  a  'yO/k  ' 
at  I\jiut  !!utrd.  TSio  cucchs  tlic  hotulcjr  iuforcKtlon  and  performs 

lxaconablaxos  d:cd:a  ai  the  tialnj  data.  Tne  tlicn  "cnci'atoo  a 

3  j  liovr  concatenated  floppier  tvachlirj  data  sot  xiiich  It  places  on  a  C311!- 
disc  r.tora.'e  device,  llicai  n  inn  iu  to  lc  rculo  on  tho  '[Ojh,  the  data  needed 
in  tTCuinicrrcd  to  tuvjnctic  tape . 

Iji  a  period  of  1  lt-jaa*  CO  Minutes,  the  ^enmivtos  3  (of  4 
possible)  data  in.)  iion  tapes,  cue  for  et\e!i  injectlai  site.  (ATX. 
in  u  bac!>up).  ;eso  tapes  differ  chic  to  ctoi^cs  to  the  data  load 
caused  by  their  jccv-p-aitiical  1  oca  tier,,  cjkI  by  t!ie  United  cat.tunicatlono 
data  u!ile!i  ic  liicei'tcd  cat  each  tapo.  'il'.o  tapes  tax*  cent  to  t!ie  rcuotc 
oitou  via  ’Ci'X:  tope  ocnti'ulbcv  tCcinarers-  A  lar^e  a-yjiaj t  cr’  error  correc¬ 
tion  data  is  included  on  Uie  topes  for  use  at  the  :ato<litcD. 

'Jlicoc  topee  are  oJ.so  need  to  hiput  data  to  a  Iiardinrc  injec¬ 
tion  uhsulatoi*  for  vorifyto ;  the  fount  or  tlio  data  end  findlxv;  any  eia'on- 
louo  dato  bits.  This  otVert  la  poxTorrcad  by  tlic  yCo/'iO.  Tlio  mjote 
stations  va-ify  that  too  rutc'U.itc  ref:poude»l  data  toed  a>reoB  vrltli  tltat 
salt,  and  reloads  if  noeccraiy.  Only  ')  of  170001*00000  lwvo  been  unnuc- 
coos fully  loaded. 

Two  alitutoa  3f>  accords  iv.tor  ccnplctlon  of  load  verification, 

?.  ninuten  of  ciarcnt  data  r«  the  vrliiclc  In  tclcviotered  to  too  site. 

M i®  ilnta  la  fontuxlod  to  a  second.  y\ o/V*  /.'or  mine t ion.  The  re.ioto 
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(alter,)  civi  c.l.ao  pwecuo  the  minlo;;  tclcuctry  (lata  tixuiually  uain.'j  a 
Ctrl])  j-eecn 'dor. 

Ii/iQ  rvyol  y  u  ecrurd  to  the  an  toll  live.  Mic  corrnnila, 

..hen  needed,  arc  voice  requeu tod  Vy  -'dint  ’hiyu,  and  isoued  i'raa  the 
rcr.jote  oileo. 

d.  Garni  toe  rVo^mnu  anil  Jinrdvore 


Ulie  orbit  ilcl.fav.u'j'a.t-i.oii  rani  epheuoria  \nxrjexa,  vhlch  nnc 
on  tho  lit  l  YCy*i  II,  *..uc  witten  in  Uic  Y<  J'<  ficacuble'.'  lr -ijan  ;o  by  ATL, 
tTic  co.Vtuaro  in  serviceable  -  e  pcle  -  winder  inodcl  rna  incorporated 
by  HAG  pcraaunel  Dane  tine  a^o.  ATI*  ic  wlttliy;  o.  ?L/l  pro, pun  tiilch  in 
mtimcmed  to  incorporate  tho  prc-proc annln;;  dcnc  by  one  or  the  Xfi/'-.O 
cotjputcrc,  and  lc  to  provide  a  irjra  uodom  approach  to  the  mthccutiea 
involved  in  tiie  orbit  determination.  the  11./X  ixeo&ai  ic  about  CO/* 
cairilctu  ojkI  JlfL  lo  receivin';  3  mn-yasra  of  funilin;;  to  continue  their 
efforto.  Hilo  nev  piu,prrji  vil.1  prococa  data  iron  ail’/’  one  catellito 
at  a  tine. 

liA'3  hopeo  to  replace  the  Xr’t'i  by  after,  cn  off-line  doaon- 
olrntiou  of  the  noftvurc.  B.ic  computer  they  ehoocc  uill  prolebly  1«  a 
duplicate  of  the  computer  Hurt  tlio  Pacific  ilicolla  tonga  {K2!) 
purclmoca  to  replace  tlic  (Oyi  cuiputerc  tlic;,-  now  have.  IJ/ifl  t.mnt  retain 
compatibility  in  aider  to  inauro  tliat  they  lie.vo  nn  off-line  lach-uy. 

Hiio  ifiiL  GtLH’il!  proswva  vac  dtacucocd.  I VJi  ic  loo! In^  at 
revered  of  ita  uululeo,  blit  not  for  we  no  a  total  rcplacc’ent  for  Hurt 
they  now  Lave.  Mien  ached  \<iiy  they  did  not  sponsor  a  7I!AIlfJr?  varoion 
of  enrar-T;:,  Uicy  had  no  real  enower,  but  ctatod  tlicy  did  plcn  to  lttol; 
into  it  in  neater  depth. 

TVoBavtly,  tlic  lhvitod  cou  ncilcationc  data  ic  entered  into  Hie 
YOdf  program  about  nidi  ay  in  the  la-oceccina  period.  Surina  tile  fierlod, 
the  rndrine  rocn  In  physically  secured  t;!  all.  asternal  connections  ore 
covered.  I!AG  Ito a  ccvcral  thoujlits  about  iiou  they/-  wuld  add  tlilo  data 
into  the  injection  data  tr.pwj  -lien  uciivy  a  iRilti-proyraixiod  computer. 
Presently,  they  do  a  linrdvsrc  r.rcaory  ocruL,  u  checl:,  and  a  rc- scrub 
boioi-c  lotting  ercternal  uocro  bad;  a:  to  tho  ’JQ'j't .  'ihey  are  toy  in.; 
around  vitfc  adding  the  United  co:.t Wiiicationc  ilata  with  c  cpceialiecd 
picco  of  cquli*;uait  after  a  majority  of  the  xxrooocnlnj;  uno  ttoao  in  a 
batch  tiodo. 

HAG  liao  nclacted  a  rtini-ccrr.iutca-  cmflijicwticn  for  iqi.-ptulinj 
■UicJLr  rcaotc  nitea  to  ellnijuato  a  y?vr.t  dcfil  of  rscjnial  data  Ivuidlin,! 
and  control,  'ilioy  roro  a-.svltin;;  fee.*  approval  iVai  hl^icr  tieivbfjartaro 
before  aiuyjunciu;  the  avard.  ibey  feel  it  vlll  tal;e  epin*oxirttte)v  30 
days  to  retrofit  and  adapt  c.-ic!i  ctatiun  to  tiic  new  capability,  'iiicre 
lo  do ne  in-houcc  activity  luidsncy  to  define  tlio  coi'tuire,  but  ao  in  the 
pact,  Uto  pvoceno  vili  probably  be  ovalutlamr^’.  Mie  mini -computers  mo 
oqiandtttAe  .fori  13.  y  Mbyte  a  to  7-Jf ’-v'toa  and  vill.  tiave  an  opci-ctln;;  cyo- 
tcu  capable  o',  roll Iro  aoft-.nu-c  cejicnts  in  aibl  out  of  care.  fir.  I'esmedy 
abated  Hut  I/O  clot  a  Mould  bo  available,  inplyin^  that  a  WSIPP  reealver 
could  interface  to  t!ic  IfiO  luini-cc-jputcr. 
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o*  Antonna  tutd  PI'  Iixviroiu;Kxut 

HAG  vujcd  covumL  vcrulcniu  or  ilAG-txitlo  opirul  hcllr:  antennas, 
mid  tiro  Coi't  jrunbollc  ontcnmin.  Tlio  hoyi tvi  Perl  antonna  vna  ImLI.t  by  j 

Hiilco  mid  littu  n  oolid  uurl'acc  tiluh,  vdiile  the  HLectrouic  fJpccIaltioa  i 

antannn  at  Itoocrjcnoit,  lilnncDotu  lino  a  screen  diah.  Doth  airtennnu 
are  X-Y  ybubuUod.  At  VI U’  and  UIIV,  the  antennae  liuve  a  fairly  largo 
min  lobe,  oo  boreal, Siting  hua  not  lieon  porlomod.  However,  HAG  lino 
need  a  pointing  of  Poet  to  iliocrinlnato  botveen  clone  pro::inity  catel- 
lltco.  Both  iuiteiUD.il  arc*  upeelficd  to  1  triilliru'linn  pointing,  but  have  j 

not  been  verified,  neither  antenna  run  over  borcaiyhtod  and  tlio  I'uilco 
d.ieli  nan  ubuhen  off  by  diuliloring  enrvif  ly  otietlon  in  tho  ginbal.  | 

Both  antennas  have  lerw  mnhiny  aiv^lcn.  Findley  a  pinco  to  ontabllch 
a  loreoicht  reference  riiicli  in  above  tlio  hori;:on  iii^it  lro  difficult  at 
Laguna  Per.:  oinco  tho  oecluniou  cauood  by  yinlial  loci:  in  in  tlie  wont 
fuvurablc  direction. 

3.1211"  liard  coaxial  caalo  io  uood  to  feed  the  antcrovar..  It 
in  routed  tltroutfi  tlio  pcdental  and  Jointc  of  tlio  antenna.  It  my  be 
ponoible  to  route  G-hand  feodn  in  parallel,  but  further  investigation  ! 

io  needed.  It  uoy  bo  ponoible  to  ocrtablirli  a  Ouoacgrain  feed  In  tlie  j 

nxilco  anteinia  by  mounting  tlie  fi-liand  tronauittor  in  tlie  0 enter  of  tlio 
didi.  2ha  ItoGOinrurfc  antenna  will  probably  not  accept  tills  type  of  food. 

Grounding  at  Layuna  Beef:  ie  ectabllclied  by  three  crooD-tied  ( 

radial  yridfl  which  urc  interconnected  by  tile  Id’  iced.  Periodic  cprinJ:- 
liny  with  brine  io  needed  to  assure  ode  [junto  conductivity.  Tho  antonna 
grounding  in  a  IXX)  ,000  circular  rail  bun. 

Layuna  luao  a  ’iOOlCVA  ncrvico  vith  a  OTPS  rated  at  2001CVA. 

Current  ueaya  at  tayuna  r.cpf  io  cpproodmtoly  110ICVA. 

Jt.  Action  I  tens 


a.  SAMSO/lE  la  to  provido  a  oopy  of  tho  planning  doevnent  to  llavy 
Astronautics  drotg?. 

b.  Mr.  Clurrlca  CLarl:/UAG  vtU.  provido  further  data  cn  canncctiny 
Ilrwaii  to  Ayom  TcmLnal,  China  end  tlie  najuo  of  a  point  of  ccutaat  at 
2CAPAC. 

ROPIEST;'  V  la.TIAHD,  Copt.,  UfAF  2  Atch* 

C.’iiei’,  Ground  Guati-  nr  Division  1.  HAG  Ltr,  P.8  Aug  f  3 

2.  Duaa.iC.vt,  lln.y  llnv  Gut 
Gyr.,  Jan  <j( 
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UAJUiV:  Trip  heiiort  to  .'.'Aval  Jieocarch  Laboratory  (‘SSL)  »mil  hlocoai 
IT,.  1  itrylond  20-21  :!ov  1973 


1 .  Attendees : 


Col  Jcascn 
Col  lkiuriin  joi: 
ihj  Yartarou^i 
Copt  Bimbaua 
Oopl  i.’ilsua 
Copt  Coll inn 
Copt  Prola 
IC(L  Personnel 

Dcf.  ilappliv:  Personnel 

Ilavy  end  Arrfy  Personnel 


2.  iTa-posc: 


To  participate  In  the  in’X  TElATIOil  Lyzupoaim  and  vlDlt  t3ic  12.ocr.cxn 
Point  ground  station. 

3.  llccuccions:  ■ 

TIM.  T'crfxau.cl  presented  various  brief  in"S  re-jardin^  the  'CliJAEtOi; 

.»jn  tori.  7ZV&1CK  I  end  IX  ucro  touched  briefly  but  the  majority  of  tlie 
prc.&iMt/viionc  concerned  TI'LVTIO.'I  III  (UYP-l).  ! 

: .’aviation  accuracies  i'roci  the  '.XtAS'ICd  II  Gycton  uere  briefly 
discussed.  Ufiiii;*  ran^o/dupylcr  aecicurcaentn  and  the  150  and 
s.Vjnala  for  ionospheric  corrections,  die  results  for  hZ  paocen  were  pre¬ 
sented  r.o  n  CK  nctcr  ITS!  circular  error  prediction.  riUTcreneco  between 
dnyticie  and  nlidittine  ionospheric  nensura.ients  ot  ’(00  ills  were  cl  tod 
to  be  on  (lie  order  of  700  meters.  In  addition,  tine  standard  transfer  , 

measure: '.onto  Ictuecm  Uto  U.U.  Laval  Ubsoratary  and  an  Australian  station  , 

citinc  r-  .110  utlcrOGccond  IT?;  error.  A  cceipuricoa  of  tho  TL’lffilOIJ  II 
system  time  vtUi  the  Trecnvich  btendard  tine  yielded  a  233  nanosecond  17 C  ! 

dl  ffci -once. 

Jho  min  reasons  for  the  hopod-fer  itqri-civanaita  vith  the  TEIAYIOL*  IJ.I 
OrA  -1)  uyrten  are  tho  rciwvifl  of  dxtyj  effects*  vac  of  higher  frorp.xneieu 
for  bettor  ioaorsdieric  correcti-xis,  raid  hitter  elevation  pacccn  (gaiter 
tiinji  50°)  resulting  from  tlic  new  orbits.  iloftcurciTe.its  of  the  aUioopheric 
effects  aro  to  l.c  i.nde  from  the  Chcnspeaho  bey  station  and  another  uito 
at  frequencies  of  335  and  1>.0  MIi, 

Tho  irx  point  of  contact  for  the  YT  lAYIO.;  Ill  ground  station  syotCM 
is  itr.  Jin  Itulor.o’1.  The  envisioned  ground  station  system  consists  of 
ilircc  range  anil  uojrplcr  stations: 

aieoftpcoie  fay,  (LTiJl^orida,  end  .f  'J,  (tut  esqwrincutal  station), 
w.d  tliroc  dowplcr  only  stations;  '  t 
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Deycliullos  (Indian  Ocean  )#  American  Comaa,  and  (Jucua.  Eventually 
uU  nix  elution o  \rtll  liuvc  range  and  floppier  capability.  'die  control 
ccntur  vlll  be  located  at  1M.  vltli  Autodin  llnl:n  to  tho  tracking  cita¬ 
tion  u  and  to  ATL  nnd  1JUL.  When  Uio  tracking  otabion  catolllto  vlolblllty 
arena  ore  eonuiderod,  several  ncuvov  lm*lod  blind  Oi-eaa  appear  in  the 
ooutharn  hraiicphevc.  Gcooooy  Lacar  Tracking  Otatiaio  will  bo  locotod  at 
Orecnbclt,  lid;  Uallopo  Inland,  Va;  l.Tli,  EL;  Domufla;  Grand  Turk;  Arraquipa, 
Peruj  Jabonneuburg,  Africa;  Untal,  brazil;  and  Bun  Diego,  On. 

Bcveral  data  collection  uehcswn  are  l»ing  cormlucrod.  too  of 
tho  nioro  fbvorablo  fomata  involve o  10  range  rate  oboorvationa  over 
U00  ooccaida  and  rango  mcaimrcmunto  every  3  ninutca. 

A  Ixriofing  cn  the  operation  and  design  of  the  'iUlATIOII  III  Inccr 
tracking  oyaben  followed,  llie  main  poluto  erolinulzcd  in  tlie  lacer 
hriofing  concerned  the  proper  nelcotlou  of  the  reflector  cube  corner 
rediufi  and  the  calculatiouc  for  ectimatlng  tlio  final  mubaro  of  phato- 
oloctrano  received. 

In  diecuaolng  their  orbit  dctcmLnabion  program  URL  cited  a  poten¬ 
tial  model  with  hUO  gm-'llatirmal  terme,  10  oatoliiteci,  raid  70-tt) 
ground  utotlcno.  Influcncec  firm  tho  tidca  (lave1  a  mrabor)  nnd  radia¬ 
tion  preocuro  wore  also  examined  uccordlng  to  level  of  truncation  of fee  bo. 
In  general,  the  eat  incited  orroro  duo  to  any  ninglo  effect  were  leoa  turn 
2  meter n.  Hie  error o  due  to  tropospheric  modeling  vare  accuaod  to  be 
l(tf. 


For  any  orbit  prediction  cycle,  h  Ouyo  of  orbit  data  arc  unod  to 
generate  Gynthcblc  data  for  2  days  and  a  boot  fit  with  erroa*  nourcca 
in  mate  for  tlie  next  2  dayc.  ’ibc  now  orbit  prodiction  in  thua  gaicauted 
for  tho  next  h  dayn  and  ccapeifed  with  actual  obcervationo.  A  tablo 
giving  the  predicted  catcllibe  position  for  WJ  hours  for  varlouc  ca-bitc 
followo: 


Orbit 


Ilmdjmn  Orbit  Error  (n) 


C  iir,  125° 

0  l»r,  6o° 

12  hr,  125° 
12  hr,  GO0 


1.5  Detaro 

2.5 


I 


2jq  figure o  voro  for  a_3.ong  track  errors  and  would  carrcapcnd  to  apperox- 
hnately  l/3  tho  error  on  tho  ground,  Concerning  the  color  radiation 
prooourc  eo deling  problem,  it  wuo  felt  the  32  hour  orbit  x/ould  bo  cooler 
to  modal  than  tho  0  hour  orbit,  Dob  )  13 IX  in  converting  tho  Calcnto 
orbital  determination  program  to  the  llnivua  1103  casHpirtcr. 

Ch  21  Jfcrv  73,  a  tour  of  tho  ITLoucan  Point  tracking  station  xao  given. 
Hie  ctatian  ic  underling  extensive  modllMcatluno .  Tho  la  toot  an  tarn 
installed  Id  u  Datron  Inc.  JJOft  dimictcr  parabolic  dioh  with  a  10  degree 
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boon  widlli#  1.2  do'preu  nilalmn  elevation  un^le#  and  720  decree  total 
unlnuth  restriction  duo  to  the  cable  food.  Total  coot  for  tlic  tuitarm 
ami  ilo  inntollntiou  mu  :|L’50  K.  Trummittcr  power  itp  to  l.J»  KW  ia  cup- 
piled  by  prennurised  eoa.::lul.  lines.  Antenna  painUnc  lo  e.ccoriplichcd 
by  Piomial  control#  payer  tape  drive  or  eventually  by  corpufccr  control. 
Praoent  i'ororccn  oohcdulina  will  Include  .12  pauneu/dny  of  Uilrtul  (lC 
rninuten  each)  and  C  pauucD/day  of  TE1A1T0II.  TUo  projected  use  .for  the 
'ITIATIOI!  projrcua  vlll  bo  5  liouru/duy.  A  baclap  station  lu  located 
at  Vnndeuburc  APB.  Future  plana  are  for  tlio  construe  Liorof  another  50ft 
dl. all  at  Rlosciorj  Pt.  for  the*  f.oJaiul  pro^ran.  Sharp  rejection  filtero 
iu‘o  uccd  Itocaunc  of  tlio  couple.:  HU  ciwircnr.ient  in  tlio  area,  nil  cur- 
vayn  of  liotioon  Pt.  liavo  boon  par  famed,  i  tout  of  tlio  station  equip¬ 
ment  lo  dated  an  very  little  of  tlio  data  io  dlcltlnod  at  Blossom  Pt. 

1  clara  c ending  It  to  IPIL. 

Hr.  Ilobcrt  A.  Goulicr  (Autovan  287-2719)  of  the  Defense  ilappinc 
Asuncy(niA)  otatod  ha  would  bo  Interested  in  or^Jilrln^  a  meeting  wltli 
J1X)  personnel  at  caac  convenient  future  date  in  Wnohinfjton  to  dloeuc3 
HlA'u  caiabilitlcs  and  interests  in  relation  to  our  proercun. 


MAX  KtOLA,  Capt.,  LEAF 

Ground  Stations  Divlcion  Ihciuocr 
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D.  R.  Potter 


0.  C.  Holzborn 


SUBJECT:  Visit  to  Detachment  1,  SAC  4000th  A AG 


On  14  and  15  November,  a  visit  to  Detachment  1  of  the  SAC  4000th 
A AG  was  held.  The  attendees  are  listed  below: 


Captain  R.  C.  Collins 
Captain  M.  Pro la 
James  T.  Carroll 
Owen  C.  Holzborn 
J.  E.  Coxey 
H.  L.  Newman 
R.  A,  Di  Palma 
P.  M.  Fitzgerald 


( SAM SO) 

( SAM SO) 

(Philco-Ford) 

(Philco-Ford) 

(GDE) 

(GDE) 

(Litton-Mel Ionics) 
(STI) 


I 

t- 


Detachment  1  is  located  at  Fairchild  AFB  near  Spokane,  Washington. 

It  serves  as  one  of  two  Command  Relay  Stations  (CRS)  supporting  the 
4000th  AAG  Command  and  Control  Center  at  Offutt  AFB.  The  key 
Detachment  1  personnel  who  conducted  briefing  and  demonstrations  are 
listed  below: 


Captain  W.  C.  Phillips 

Smsgt  L.  M.  Baker 

Msgt  R.  C.  Wands 

Smsgt  R.  M.  Sweeney 


Msgt  G.  M.  Sharp  I 
Tsgt  R.  G.  Debor  ( 
Tsgt  J.  D.  Blower  ( 

Figure  1  shows  the  organization  of  Detachment  1. 


(Commander) 

(Senior  NCO) 

(Training) 

(Operations) 

(Supply) 

(Training) 

(Training) 


Operational  background  is  contained  in  DNSDP-P-057-DRP.  During  our 
visit  to  Detachment  1  we  witnessed  two  runt,.  The  following  is  a 
brief  scenario  of  a  typical  support  run. 


Pre-Run  Set  Up 

At  least  24  hours  prior  to  run,  the  run  schedule  is 

received  and  validated.  About  a  half  hour  before  the  run,  the  system 

is  configured,  recording  tapes  mounted,  and  the  acq. /track  paper  tape 
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is  selected  and  readied.  The  operations  officer  establishes  communi¬ 
cation  with  the  CCC  and  verifies  the  run  schedule  (by  voice). 

Run 

The  signal  source  is  acquired  and  tracked  either  automatically  or  as 
directed  by  the  paper  tape.  Telemetry  and  user  data  is  read  out  of 
the  payload  on  command,  as  is  the  user  data  if  required.  This  data  is 
recorded  for  post-run  transmission  to  the  CCC. 

Past  Rur 


Recorded  data  is  transmitted  to  the  CCC.  Run  execution  is  reviewed 
by  voire  with  the  CCC.  The  seme  cases,  runs  may  overlap,  to  the  extent 
that  a  new  run  may  be  started  during  post-run  if  sufficient  recording 
equipment  is  available.  The  acquisition  of  a  new  signal  source  can 
be  accomplished  in  from  1  to  3  minutes. 

The  detachment  supports  fi  m  450-500  runs  per  month,  or  15-17  per  day. 
The  station  provides  24  houi  service,  7  days  a  week.  A  run  takes 
from  45  minutes  to  one  hour,  Maintenance  activities  consume  about 
1.5  hours  per  day  on  an  average,  but  may  overlap  operations  to  some 
extent.  Training  activities  are  scheduled  on  a  non-interference  basis. 
Captain  Phillips  indicated  that  the  support  requirements  can  vary 
greatly,  depending  upon  user  requests  and  could  increase  in  the  future. 
From  these  estimates,  it  would  appear  that  additional  personnel 
would  not  be  required  to  support  Phase  I  of  DNSS,  if  the  required 
support  did  not  exceed  2  to  3  hours  per  day.  There  is  about  1850 
square  feet  of  floor  space  available  for  additional  equipment  at 
Detachment  1.  Whether  the  location  of  the  station  is  technologically 
switchable  for  early  DNSS  efforts  will  have  to  be  determined. 


As  indicated  in  D.  Potter's  trip  report,  the  system  is  awaiting  a  major 
upgrading.  Whether  the  above  observations  about  the  site's  capability 
will  be  valid  after  the  upgrade  requires  some  study.  If  possible  we 
should  get  (through  SAMSO)  any  documentation  we  can  concerning  the 
upgrade  to  help  in  this  accessment. 

The  remaining  comments  of  this  report  reflect  the  current  data  processing 
configuration  with  a  few  noted  exceptions.  The  processor  used  is  a 
Data  General  Supernova  with  8k  memory,  a  Sykes  Compu-Corder  (cassette 
tape),  a  Hazeltine  2000  CRT  with  attached  keyboard  entry,  an  ASR  33  TTY, 
an  interface  with  the  payload  transmit/receive  command  loop,  a  real  time 
clock,  and  a  United  Business  Systems  DS  2400  modem.  The  data  processing 
system  provides  support  for  the  following  functions: 

.  Communications  with  CCC 
.  Communication  with  payload 
.  Real  time  command/control  operation 

. , 
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After  the  upgrade,  the  system  will  have  an  additional  Supernova  with  16k 
or  more  memory  and  a  1,5  megaword  disk.  The  modem  will  be  replaced 
with  a  9600  baud  Codex  modem.  A  medium  to  high  speed  printer  is  also 
planned.  Functions  added  will  be  antenna  control  and  telemetry  processing. 
The  real  time  clock  will  be  replaced  by  an  Ostron  Loran  C  Model  200C 
and  a  Systron  Donner  Time  Code  Generator  (Model  8155). 

We  were  unable  to  find  out  any  information  regarding  the  design  and 
implementation  of  the  software  for  the  upgraded  system.  This  information 
should  be  obtained  through  the  SPO  in  order  to  evaluate  support  potential 
for  DNSS  Phase  I. 
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TO:  C-.  R.  Hickcox 

FROM:  D.  R.  Potter 

SUBJECT:  SAC  4000th  A AG  Visit 


On  13  November,  S.  Langdoc,  J,  Carroll  and  D.  Potter  of  Philco-Ford, 
Newman  andCoxeyof  GDE,  DL  Palma  of  Mellonics,  Fitzgerald  of  STI, 

Captains  Prola,  Collins,  and  Sherlock  of  SAMSO  visited  the  4000th 
Aerospace  Applications  Group  at  Offutt  AFB  in  Omaha,  Nebrasks.  The 
4000th  is  responsible  to  SAC  for  operating  a  satellite  system  with 
a  classified  mission.  A  Col.  Kirshman  is  commander  of  the  unit. 

Majors  Pepin,  Carroll,  and  Fitzhugh  are  responsible  for  Engineering, 
Operations,  and  Computers/ Software  respectively.  Major  Burbey  was 
our  host  and  appears  to  be  the  senior  technical  officer.  Approximately 
225  Airforce  people  (entirely  blue  suit)  man  the  Command  and  Control 
Center  (CCC)  at  Offutt  and  the  two  Command  Relay  Stations  (CRS's),  one 
at  Fairchild  AFB  near  Spokane,  Washington.,  the  other  at  Loring  AFB, 
Maine.  The  system  supports  three  operational  satellites  in  450  n.m. 
circular  orbits,  inclined  at  98.7°.  The  satellites  were  launched  to 
have  ascending  node  times  of  6:30  AM,  8:00  AM  and  noon  local  time. 

Each  satellite  makes  14-;  15  revolutions  per  day,  10  of  which  are  visible 
to  one  or  both  of  the  ground  stations.  Thirty  satellites,  manufactured 
by  RCA,  have  been  used  in  the  program  which  started  in  1963.  Radiation 
Inc.  built  the  station  transmitting  and  receiving  equipment.  The  satell¬ 
ites  may  be  commanded  in  real  time  to  dump  telemetry,  dump  payload  data, 
change  command  systems,  change  attitude  control  parameters,  etc;  and 
must  be  loaded  with  stored  commands  to  dump  data  to  remote  users,  to 
define  vehicle  ephemeris  to  remote  users,  and  to  sequence  the  payload. 
Because  of  the  size  of  onboard  storage,  payload  sequencing  commands 
are  loaded  every  12  hours  on  rev  0  and  rev  7.  Ephemeris  data  is  loaded 
on  rev  13  for  a  24  hour  period.  The  role  of  the  ground  system  encom¬ 
passes  the  following: 

1.  Scheduling  satellite  and  ground  system  operations  based  on 
user  requests 

2.  Commanding  the  satellite  based  on  approved  operation  schedules 

3.  Delivery  of  payload  data  to  the  users. 

4.  Analysis  of  vehicle  and  payload  teleme  .ry  to  determine  system 
health. 

5.  Maintenance  of  the  system  hardware  and  software. 
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Current  Ground  System  Configuration 

F inure  1  shows  the  current  configuration  ot  the  ground  system.  At  the 
CRS' s,  uplink  communication  with  the  vehicle  is  on  VHF  at  a  25  bps  rate. 

The  FM/FM  real  time  telemetry  downlink  is  on  UHF.  Payload  data  is 
dumped  in  encrypted  form  on  S-band  to  the  station  and  then  transmitted 
via  wide  band  directly  to  the  user.  The  64  points  on  real  time  TM 
are  digitized  at  the  CRS  and  transmitted  over  the  2.4K  baud  line  to  the 
CCC.  The  same  2.4K  baud  line  is  used  to  transmit  tne  command  data  and 
other  station  set  up  data  to  the  CRS.  The  satellites  are  tracked  by  a 
40  ft.  dish  which  is  driven  by  a  selected  papertype  for  acquisition, 
and  by  auto  track  after.  An  8K  Data  General  Supernova  computer  at  the 
CRS  supervises  command  transmission,  command  verification,  TM 
digitization,  and  the  communications  with  the  CCC.  No  encryption, 
devices  are  used  in  the  uplink. 

The  16K  Supernova  at  the  CCC  performs  the  following  functions: 

1.  Supervision  of  digital  communications  with  the  CRS 

2.  Supooiu.  of  5  Hazeltine  2000  alphanumeric  displays  in  the 
operations  center  for  display  of  telemetry  and  transmission 
of  commands. 

3.  Driving  of  2  Sanborn  strip  chart  recorders 

4.  Supervision  of  commanding  operations 

This  computer  :ystem  includes  a  256K  word  disk,  a  tape  drive, 
printer,  card  reader,  and  tape  reader/punch.  The  WWMCCS  6070  computers 
at  SAC  head  quarters  are  used  in  a  batch  mode  to  generate  daily  and 
weekly  scheduling  data,  the  daily  pass  plans  (including  message  loads), 
and  telemetr-  predictions  orbital  elements  for  each  of  the  vehicles  is 
oblained  from  the  Space  Defence  Center  via  7WX.  User  operations 
requests  are  also  obtained  via  TWX  input. 

System  Operations 

The  basis  for  all  operations  is  a  kind  of  system  operations  plan  called  the 
Master  Listing  which  contains  the  following  kinds  of  data: 

1.  Ephemeris  Events  such  as  ascending  node  times  and  locations. 

2.  Station  Events  such  as  rise  and  set  times,  max  elevations, 
applicable  antenna  tracking  tape, 

3.  Real  time  and  stored  commands  to  be  loaded  in  the  vehicle 

4.  Telemetry  predictions  based  on  commanding  and  prediction 
models. 

5.  Scheduled  vehicle  and  payload  operations. 
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Inputs  to  this  plan  are  generated  by  a  scheduling  crew  based  on 
user  inputs,  orbital  elements  (good  to  .3  mi.  intrack  over  3  days) 
received  from  Space  Defence  Center}and  past  vehicle  performance. 

Input  is  carried  to  the  WWMCCS  6070,  the  program  executed,  and 
returned  to  the  scheduling  crew  by  computer  operations  personnel. 

The  scheduling  crew  is  responsible  for  validating  the  generated  plan. 

This  Master  Listing  is  generated  weekly  and  updated  daily.  It  is 
used  as  the  basis  for  all  operations  control  and  evaluation  by  the 
operations  staff.  Specific  outputs  generated  during  the  run,  such 
as  the  comm, and  load  and  the  telemetry  predictions,  are  loaded  into  the 
CCC  Supernova  by  computer  operations  in  preparation  for  pass  support. 

Other  outputs,  including  station  rise/set  times,  tracking  tape 

number,  command  message  data,  and  station  configuration  data  are  sent  to 

the  stations  60  hours  at  a  time  as  a  backup  against  data  line  CCC  failure. 

The  Operations  Control  Center  at  the  CCC  contains  five  operating  positions, 
each  equipped  with  a  Hazeltine  2000  alphanumeric  display.  These 
positions  are  manned  by  two  teams  and  a  supervisor.  A  team  encompasses 
a  System  Controller  (officer)  and  a  Data  Analyst  (nonconi).  The  controller 
has  a  keyboard  capable  of  calling  up  and  sending  commands  and  command 
messages,  and  is  responsible  for  all  operations  during  the  pass.  The 
analyst  is  responsible  for  analysis  of  real  time  telemetry  data  and  has 
a  Sanborn  strip  recorder  to  which  he  may  direct  selected  telemetry.  The 
supervisor  is  responsible  lor  the  entire  crew,  and  as  such  monitors 
operations,  resolves  conflicts  that  arise  during  simultaneous  operations, 
helps  with  particular  problems,  and  in  general  supervises  and  evaluates. 

Four  5-man  crews  man  the  control  center  on  12  hour  shifts.  A  fifth  crew 
performs  a  standardization  function  by  operating  with  each  crew  once  a 
week  to  make  sure  operations  are  consistent  and  performance  is  not 
becoming  sloppy. 

A  typical  pass  involves  approximately  35  minutes  of  time.  The  15  minutes  pre- 
pass  period  involves  establishing  communications  with  the  station,  checking 
out  equipment,  and  discussing  the  pass  plan  with  the  entire  crew  of  the  CCC 
and  CRS.  The  15  minute  pass  starts  with  the  controller  commanding  a  real 
time  telemetry  dump  for  1  minute  and  a  payload  data  dump.  Each  real  time 
command  sent  is  verified  by  an  accept/reject  monitored  at  the  CRS.  If 
stored  commands  are  to  be  loaded,  a  special  mode  is  entered  where  the 
entire  essage  is  loaded,  then  dumped  to  the  CRS  and  compared  with  that  sent 
up.  During  this  time,  the  data  analyst  is  checking  the  telemetry  dump 
which  is  compared  against  the  predicts  by  the  CCC  Supernova  and  flagged  if 
out  of  limits.  Near  the  end  of  the  pass  another  one  minute  TM  dump 
is  commanded.  After  fade  of  the  vehicle,  an  additional  5  minutes  is  spent 
summarizing  the  pass  and  reconfiguring  the  equipment. 

A  simulation/training  mode  exists  in  the  CCC  Supernova  software  allowing  the 
control  center  to  practice  pass  operations,  respond  to  anomalous  telemetry 
conditions,  etc.  Also  available  in  the  CCC  is  a  voice  recorder  monitoring  all 
transactions  between  the  CCC  and  the  CRS's. 
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The  real  time  telemetry  which  is  transmitted  to  the  main  Supernova  in  the 
Operations  Control  Center  at  the  CCC  is  also  intercepted  by  a  Supernova 
in  the  SAC  Integrated  Data  Analysis  Facility  (SIDAF)  in  the  local 
engineering  department.  Manned  by  seven  engineers  and  3  technicians  on 
an  8hr/day  basis,  this  group  is  responsible  for  post  flight  analysis  of 
the  telemetry  data,  and  when  required; of  the  payload  data.  The  SIDAF 
equipment  includes  a  32K  Supernova,  dual  cassette  tape  recorder,  moving 
head  disk,  Tektronix  Storage  Tube  and  Hard  Copy  Unit,  and  a  communications 
interface.  A  days  worth  of  raw  telemetry  for  each  vehicle  is  accumulated 
on  the  disk  and  stored  on  a  tape  cassette.  Software  in  the  Supernova 
provides  for  analysis  of  up  to  5  weeks  of  data-,  including:  conversion 
to  engineering  units,  trend  analysis,  statistical  evaluation,  (mean 
and  standard  deviation),  and  plotting  and  cross  plotting.  Correlation 
of  the  telemetry  with  the  commands  is  currently  not  automated,  so 
considerable  time  is  spent  poring  over  listings  and  data  plots. 

Planned  Upgrade 

The  system  described  above  is  operating  the  "5B"  block  of  vehicles. 

The  "5D"  block  of  vehicles  to  be  operational  by  fall  of  1975,  is  a 
major  advancement  in  vehicle  complexity.  Among  the  changes  are: 
on-board  computers,  three  axis  stabilization,  number  of  telemetry 
points  increased  to  560  from  64,  capability  to  record  telemetry  on 
payload  recorder,  digital  telemetry  rather  than  analog,  uplink  command 
rate  increased  to  1000  bps,  all  communication  via  s-band.  Figure  2 
shows  how  the  ground  system  will  be  upgraded.  All  vehicle  communications 
will  be  SGLS  compatible  S-band  on  Channel  2.  Real  time  telemetry  will 
be  transmitted  at  either  2 K  or  10K  bps.  Recorded  telemetry  will  be 
played  back  with  payload  data  into  the  ground  station.  This  payload/ 
telemetry  data  will  then  be  transmitted  to  the  user's  facility  via  an 
American  Satellite  Corporation  relay  satellite.  The  user's  facility 
strips  out  the  telemetry  data  and  sends  it  to  the  CCC  via  another  data 
link.  The  data  and  voice  lines  from  CRS  to  CCC  will  be  upgraded  to 
9.6K  baud,  with  voice  line  acting  as  back-up  for  data  line  and  vice 
versa.  Codex  modems  will  be  used.  The  primary  computer  at  the  CRS  will 
be  upgraded  with  32K  main  memory  and  1.65M  words  disk  storage.  An  8K 
Supernova  will  be  included  in  the  antenna  drive  system  to  compute  antenna 
drive  polynomials  from  orbit  elements  sent  out  from  the  CCC.  Telemetry 
software  in  the  primary  computer  will  be  upgraded  to  provide  for  table 
driven  telemetry  handling  so  that  the  format  or  local  processing  can  be 
changed  without  major  modifications.  Plans  are  for  report  by  exception 
telemetry  processing  as  well  as  event  reporting. 

A  Software  Development/Maintenance  Facility  will  be  developed  which  includes 
a  vehicle  simulator  so  that  software  for  the  entire  ground  system  can  be 
developed  and  tested  in  a  simulated  environment. 
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Communication  between  the  CCC  and  the  WWMCCS  computers  will  be  upgraded 
using  the  SATIN  communications  system.  A  Remote  Terminal  Facility 
(RTF)  will  be  installed  in  the  CCC  to  provide  remote  terminal  input 
to  the  6070's.  Initial  installation  will  not  alllow  direct  connection 
of  the  RTF  to  the  CCC  Supernova  for  security  reasons.  Data  will  come 
into  the  RTF,  will  be  scanned  for  possible  classified  data  by  computer 
operations  personnel,  and  will  only  then  be  cleared  for  input  to  the 
Supernova  (either  on  dataline  or  manually,  they  were  not  yet  sure). 

Software  developed  for  the  6070* s  is  being  limited  to  40K  modules  to  assure 
getting  on  easily.  The  two  systems  apparently  have  256K  of  memory  each. 

Ability  to  Handle  DNSS 

In  relation  to  expansion  fcr  DNSS,  Col.  Kirshman  and  his  staff  provided 
the  following  data: 

1.  There  is  expansion  room  at  the  CRS’s  (empty  buildings)  and 
at  the  CCC  a  30X50  room.  Backup  power  at  the  CRS’ s  may  be 
a  problem  since  the  current  generator  is  sized  for  their 
equipment. 

2.  There  are  5  WWMCCS  type  6070  machines  at  SAQ  which  may  have 
number  crunching  capacity  for  an  orbit  determination  task. 

They  were  not  sure  how  much  was  or  could  be  available. 

3.  They  suspected  there  was  no  time  available  on  the  Univac 
1110  machines  on  the  base. 

4.  They  felt  that  the  current  CCC  operations  staff  and  complex 
could  handle  more  vehicles  without  expansion  if  the  number  of 
CRS's  remained  the  same.  The  main  problem  would  be  phasing 
vehicle  passes  so  that  both  SAC  and  DNSS  vehicle! could  be  properly 
serviced.  On  this  subject,  Captain  Prola  will  arrange  an  exchange  of 
orbit  element  data  between  SAC  and  DNSS  so  that  both  organizations 
can  study  the  phasing  problem. 

5.  The  antenna  feeds  at  the  CRS's  can  probably  not  handle  more 
than  lKw  power  into  the  antenna. 

6.  Hardware  configuration  documentation  is  fairly  complete  and  will 
be  requested  of  the  SAC  SPO  by  the  DNSDP  SPO. 

7.  Software  documentation  is  probably  very  sketchy.  They  do 
rot  conform  to  any  specification  standards,  although  they 
hope  to  get  themselves  compatible  with  JCS  publication  7 
Chapter  4  sometime  in  the  future.  Major  Fitzhugh  was  somewhat 
embarassed  by  this  question,  but  wouldn't  say  anything  firm, 
so  it  looks  like  a  problem. 
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Several  problems  need  not  be  resolved. 


1.  The  Spokane  CRS  may  not  occur  early  enough  in  the  DNSDP 
time  line  to  provide  optimum  command  loading  timing. 

2.  Only  two  remote  sites  exist  or  are  planned.  Thus  other 
arrangements  must  be  made  for  the  other  monitors. 

3.  Large  scale  computing  power  may  be  available,  but  more 
investigation  needs  to  be  done. 

4.  The  phasing  between  SAC  and  DNS  satellites  must  be  studied 
to  determine  the  impact  of  overlap  on  DNS  operation 

5.  While  the  system  will  apparently  handle  command  loading  and 
telemetry  evaluation,  more  specifics  in  these  areas  concerning 
the  upgraded  system  should  be  obtained. 
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SUBJECT:  SAC  AOOOth  AAG  Visit  and  Det  1  Visit 

REFERENCE:  a)  Ltr  J.  T.  Witherspoon  to  J.  T.  Carroll,  Same  subject, 

7  November  1973  DNSDP-JTW-098 

b)  Ltr  D.  R.  Potter  to  G.  R.  Hickcox,  SAC  AOOOth  AAG  Visit, 
15  November  1973,  DNSDP -P -057-DRP 


1.0  PURPOSE 

This  trip  report  supplements  reference  b) ,  adding  some  hardware 
descriptions  and  describes ' the  hardware  configuration  at  Det  1. 

2.0  SAC  AOOOTH  A*G 

Attachment  A  indicates  the  future  SAC  system.  The  American 
Satellite  Corporation  will  install  a  one  way  1.5AA  MHz  Data  link 
with  CRS  No.  1  and  No.  2  to  site  III  at  which  time  the  2A0  kHz 
supergroup  will  be  deleted.  The  2A00  Hz  voice  and  data  line 
will  be  upgraded  to  9600  bands. 

Figure  1  is  the  anticipated  future  Command  Control  configuration 
to  be  used  to  support  the  block  5D  systems. 

The  WWMCS  Honeywell  Computers  will  be  connected  by  land  line  with 
the  CCC.  All  personnel  in  the  CCC  will  have  SYOP  EBI  Clearances 
and  the  incoming  data  continuously  monitored  at  the  SPTGP  for 
breach  of  security. 

3.0  ANSWERS  TO  WDL  QUESTIONS 

Philco-Ford  received  the  below  answers  to  questions  asked  the 
customer. 

1.  Availability  to  support  DNSS  -Fairchild  suppjrts  around  500 
runs /month,  LIZA  around  A00  runs.  Average  time  for  each  run 
is  12  minutes,  post  run  is  5  minutes,  turnaround  is  3  minutes. 


-  :.  *•«;;  --vy 


No  runs  currently  are  made  from  1400  to  1700  hours  local  time. 

SGLS  system  is  a  fixed  channel  2  uplink.  1  kW  is  the  maximum 
transmitter  output  to  a  40’  antenna  because  of  feed  restric¬ 
tions.  Current  transmitters  are  located  at  focus  in  a  cage.  Cage 
supports  would  not  hold  the  weight  of  a  10  kW  transmitter 
-Loading  on  system  is  variable  because  quantity  and  time  of 
arrival  of  satellites  varies. 


2.  Computer  availability-Mini  Super  Nova  available  whenever  site 
is  not  tracking.  WWHCS  Honeywell  6070  computers  are  available 
providing  no  more  than  40K  of  memory  is  used.  Global  Weather 
Unival  1108/1110  are  not  available. 

3.  40'  antenna  gain:  45.9  db,  measured  46.5  at  10°  Elev., 

for  S  Band.  Feed  limited  to  1  kW.  Building  to 

house  a  10  kW  xmitter  located  60'  from  radome .  Larger  xmitter 
requires  a  new  emergency  generator  for  sites.  S  Band  Paranp 
noise  temp  100°,  measured  91.42,  gain  28  db,  type  Micronega 
28-251. 

4.  Space:  2500  square  feet  available  at  offutt  1800  square 
feet  at  the  CRS's  (abandoned  mess  hall). 

5.  Crypto:  KG  34  (Satellite  uses:  KG  44). 

6.  Communications:  Simplex  1.5  megabit  and  duplex  9600  bps 

lines  between  CRS  and  CCC  are  available  whenever  other  operations 
are  not  being  conducted. 

7.  Security:  CCC  personnel  all  require  SYOP  EBI  Clearances. 

Command  encryption  using  KG  34  is  possibly  scheduled  for 
future  installation  (may  not  be  implemented).  Command 
authentication  is  not  programmed  for  future  implementation. 

8.  SGLS  Radiation  Inc  has  been  contracted  to  provide  a  single 
SGLS  Channel  2,  1  kW  transmitter  at  both  CRS's.  Equipment 
includes  the  following: 

Timing:  VLF  Astron.  200C  Systron  Donner  Model  8155 

Antenna  45.9  db,  10°  elevation,  2i0°k.  Slew  rate  Az  10°/sec, 
5°/sec^;  Elevation  4°/sec,  5°/sec  ,  Mesh  surface  with  xmitter 
installed  at  focus. 

Paramp  Micromega  28251  100  mHz  BW,  28  db  gain,  100°  k  Noise, 

VSWR  1:5:1  gain  stability  +  0.5  db. 

S  Band  Post  Amp  AM  2200  NL,  Gain  31.2  db,  Noise  6.8  db. 

Receiver  RHG  Electronics,  Noise  8.8  db  BW  6.6  MHz. 

Directional  Coupler  Post  Amp  Englemann  Microwave  C-403-N 
Loss  0.24  db 

Ranging:  None 

Refer  to  Ft ^ort  7  for  CRS  station  rack  elevation  drawings  de¬ 
tailing  other  CRS  equipment. 


9.  Documentation:  The  DSAP  network  is  exempt  from  any  AF 
standard  documentation  or  reporting  system.  Radiation 
supplied  a  minimum  of  documentation  for  installation  and  the 
station  has  a  completed  installation  test  plan.  No  attempt 
has  been  made  to  recalibrate  the  equipment  or  maintain  any 
configuration  control  as  different  modifications  have  been 
made  by  DSAP  personnel. 

10.  Availability:  Future  availability  can  be  predicted  only 
if  the  current  loading  remains  constant.  Three  conditions 
are  possible.  No  change  which  is  the  least  likely. 

Saturation  of  the  network  by  supporting  both  the  5C  and  5D 
systems  or  four  or  five  systems  until  the  5C  systems  are 
phased  out.  This  is  likely  to  occur  when  the  network  is 
needed  to  support  DNSS  Phase  I.  The  third  less  likely 
possibility  is  phasing  out  the  5C  and  5D  systems  and  use  of  the 
more  sophisticated  NASA  GOES  system. 

Statistical  availability  data  is  as  follows  for  5C  systems 
operating  in  the  present  environment: 

1.5  minimum  min.,  3  min.  desirable 

12  min.  average,  15  min.  max. 

4  min.  average,  10  min.  max. 

900;  500  at  FAIR,  400  at  LIZA 

A  no  operations  window  occurs  between 
1400  and  1700  hours 

15  min.  min.,  30  min.  desired,  but 
not  required 


a .  Turnaround 

b .  Run 

C.  Post  Run 

d.  Runs  per  month 

e .  Window 

f.  Prerun 


11.  Configuration:  Figure  1  of  this  report  indicates  the  future 
configuration  of  the  DSAP  network.  Attachment  A  indicates 
the  Overall  system  configuration  and  manning.  The  SPO  will 
make  the  Radiation  proposed  configuration  details  and 
parameters  available  to  both  Contractors. 

12.  Wide  Band  Ground  Communications:  The  5D  era  communications 
as  shown  in  Attachment  A  consists  of  the  following: 

1.5  MHz  simplex  communication  provided  by  CRS  site  located 
communication  relay  stations.  Contractor  American  Satellite 
Corporation,  ASC  transmitter  ANEC  4  to  be  installed  4  January 
1974.  240K  BPS  lines  to  be  then  abandoned.  6  year  contract  at 

$55, 840 /month.  Existing  supergroup  240K  BPS  costs  $93,000/ 
month.  Above  costs  are  combined  costs  for  both  CRS  Det  no.  1 
and  no.  2  to  Offitt. 
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4.3.2 


Data  Communications  will  be  short  fixed  length  messages 
in  realtime  and  variable  length  files  in  none  real  time. 
Figure  1  and  Attachment  A  indicated  the  conputers  envolved 
in  communications  (Supernova) . 


Data  and  Voice  Ground  Communications:  Two  duplex  data  lines 
are  used  for  Voice  and  data,  lhey  are  interchangeable. 

A  new  CODEX  9600C  with  options  55  ,  34  and  30  will  be  installed 
permitting  9600  land  data  rates  on  3  kHz  of  bandwidth. 

Forward  error  control  will  be  usrd  reducing  the  effective 
bit  rate  some  unknown  amourt  from  9600  BPS.  TTY  will  be 
SATIN  but  no  plans  have  been  made  to  use  SATIN  for  the  9600  BPS, 
SATIN  will  support  5  and  8  level  TTY  tapes.  The  site  has 
direct  access  to  Autobaun,  the  Offitt  AFB  telephone  exchange 
and  Air  Force  Secure  Voice. 


ANTENNA  SIZE 


indicates  that  2  kW  is  required  and  3  kW  desired  for  margin 
required  for  the  40'  antenna.  These  figures  correlate  with  the 
40'  antenna  gain  at  Det  1.  The  transmitter  could  be  housed 
in  a  building  60'  from  the  antenna  and  brought  to  the  feed  by 
wave  guides.  Alternately  the  vehicle  receiver  could  be  made  more 
sensitive  and  the  F.IPP  reduced  to  allow  the  1  kW  transmitter  to 
be  used. 


SGLSTr an s nit  Channels 


The  availability  of  a  fixed  transmit  channel  2  at  1  kU  has 
serious  drawbacks  for  multi-vehicle  operation.  Multiple  channels 
will  be  required  for  the  final  operational  configuration. 

Single  channel  operation  for  Phase  I  will  impose  extra  care  in  the 
design  of  the  vehicle  to  preclude  some  of  the  problems  777  has 
experienced  under  similar,  multi -vehicle  commanding. 


The  5D  command  rate  will  be  1  kbps , 


ZGLS  Telemetry  Channel 


Telemetry  will  be  50  kbps  at  launch,  and  selectable  10  or  84  kbps 
afterwards  for  real  time  or  recorded  telemetry.  Bell  and  Howell 
3700  and  3600  tape  recorders  are  used  to  record  data. 


Antenna  Tracking 


A  separate  computer  will  be  installed  'to  store  ephemeris  data 
and  generate  tracking  parameters  at  each  CRS. 


Antenna  Obscura  and  Radiation  Pattern.  -  Figure  2  indicates 
FAIR  CRS  Det  1  antenna  obscura.  Figure  3  indicates  the  antenna 
radiation  pattern  at  S  Band  frequencies.  The  antenna  will  autotrack 
3°  elevation  to  88.°.  Above  88°  up  to  17  seconds  of  data  loss  will 
be  recorded. 
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4.3.3 


4.4.1 


Dr.  Fitzgerald  indicated  a  requirement  for  the  customer  to 
perform  an  RFI  site  survey. 

Antenna  Tracking.  -  A  discussion  on  antenna  tracking  ensued. 

The  antenna  has  no  anti  backlash  gearing,  nor  any  accurate  digital 
encoders.  A  far  field  tower  exists:  400',  3.2°  elevation. 

FAIR  Station  Layout 

Figure  4  is  the  station  layout  at  FAIR  and  Attachment  C  are  the 
rack  elevation  drawings. 

Spokane  Area.  -  A  map  of  the  city  of  Spokane  i3  enclosed  with  the 
original  of  this  letter.  Figure  5  indicates  the  CRS  location, 
Fairchild  AFB  and  important  telephone  numbers  on  base. 


S  Band  Simulation 

The  CRS  has  an  S  Band  signal  Simulator,  but  it  will  not  react 
dynamically  to  commanding. 

PREVENTITIVE  MAINTENANCE 

1^  hours /day  envolving  three  people  is  the  yearly  average  for 
preventitive  maintenance , 

STATION  POWER 


Station  power  available  is  as  follows : 


225  KVA 

45  KVA  -  No  problem  going  to  120  KVA 
150  KVA 


Operations 
Radome /Antenna 
Backup  or  emergency 
Power  generator 

SPACE  AVAILABLE 


1869  square  feet  is  available  in  the  operations  area  and  200 
square  feet  near  the  antenna  area  for  installation  of  DNSS 
equipment . 

EMP,  VULNERABILITY,  SURVIVABILITY 
None  existing  or  planned 


i 


toll 


GROUNDING 


25'  square  mesh  with  salt  field  which  is  kept  moist. 
ATTENDEES  AT  CRS  DET  1 


. .  ,, 


Those  in  attendance  at  CRS  Det  1  (FAIR)  are  as  follows: 


Name 

Org. 

Phone 

P. 

M.  Fitzgerald 

STI 

(415)964-9290 

L. 

M.  Baker 

CMS 

Det  1,  4000 

(Maint) 

247-2805 

J. 

E.  Coxey 

General  Dynamics 

(714)279-7301 

w. 

C.  Phillips 

i  Cap  t . 

Det  1,  4000 

(OPS) 

247-2805 

R. 

A.  DiPulma 

Litton -Me 1 Ionics 

(408)245-0795 

H. 

L.  Newman 

General  Dynamics 

(714)279-7301 

AUTOVON 

(X3495) 

R. 

C,  Collins 

Capt. 

SAMS0/YEEG 

833-1202 

M. 

Prola  Capt. 

SAMSOA'EEG 

833-1202 

0. 

C.  Holzbom 

Philco-Ford 

(415)326-4350 

(X4029) 

J. 

1 .  Carroll 

Philco-Ford 

326-4350 

(X4346) 

R. 

C.  Wands 

Msgt. 

Det  1,  4000 

(TKN) 

247-2805 

R. 

M.  Sweeney 

Smsgt.  ■ 

Det  1,  4000 

(OPS) 

247-2805 

R. 

G.  Debor 

Tsgt 

Det  1,  4000 

(TKN) 

247-2805 

J. 

D.  Blower 

Tsgt. 

Det  1,  4000 

(TKN) 

247-2805 

G. 

M.  Sharp 

Msgt. 

Det  1,  4000  (SUPPLY) 

247-2805 

11.0  TEST  EQUIPMENT 

Figure  6  lists  the  4000  AMG  Test  Equipment. 


12.0 


VISIT  TO  OFFUTT 


lJ 


i 

\ 

Reference  (b)  describes  most  of  the  offutt  visit.  The  Agenda 
was  as  f  ollows : 

AGENDA 

13  November  1973 


0800 

Visitors  Arrive 

Major  Burbey 

0815 

Visitor  Briefing 

Major  Burbey 

0830 

Command  Briefing 

Colonel  Kirschman 

0930 

Tour  Facility 

Captain  Bowers  (DO),  Major 
Fitzhugh  (AD) ,  Lieutenant 
Hansen  (LG),  and  Major  Pepin 
<EN) 

1030 

Engineering  Briefing 

Major  Pepin 

1130 

Lunch 

1300* 

General  Discussion 

*  Separate  discussions  available  on  request. 


12.1  Offutt  Area 


Enclosed  with  the  original  to  this  letter  are  maps  of  Offiti  Air 
Force  Base  and  the  city  of  Omaha. 

13.0  VANDENBERG  BLOCK  5D  SUPPORT 

WDL  will  nr'ify  VTS  to  support  Block  5D  systems  as  •*.  Figures  ? 

9  a*  J  i a. 

14.0  SUMMARY 


/da 

cc: 


SAC  4000th  AAG  could  provide  limited  DNSS  support  from  two  CONUS  sites 
which  would  require  supplemental  support  from  other  sites.  The 
SGLS  installation  would  require  replacement  with  a  tuneable 
transmitter,  upgrading  from  1  to  3  kW  or  else  dictate  a  new 
satellite  receiver  gain  parameter.  Power  in  excess  of  1  kW  would 
be  an  expensive  modification.  Severe  station  loading  may  occur 
during  the  5C/5D  system  phase  over.  Future  station  loading  is 
unknown.  Space  for  new  equipment  is  limited  and  requires  new  air 
conditioning.  Communications  costs  would  include  linking  Offitt 
with  sites  other  than  Det  no.  1 


G.  R.  Hickcox  J.  Theibault 
J.  T.  Witherspoon  D.  Potter 
G.  Shaparenko  D.  Middlebrook 
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Block  5D  Support  Requirements  Update 


1.  This  letter  outlines  what  we  envision  to  bo  the  SCF  requirements  for 
orbital  and  launch  support  of  the  Block  5D  spacecraft  (late  1974).  This 
letter  is  not  intended  to  be,  nor  should  It  be  construed  to  be  a  formal 
requirements  document.  This  information  should  be  used  only  for  preliminary 
planning  purposes. 

2 .  Firm  Requirements 

a.  Tracking,  receiving,  recording  and  microwave  relaying  simultaneous 
wideband  data  readouts  at  1.024  megabit  per  second  (mbs),  1.3312  mbs  or  2.6624 
mbs  on  two  different  S-band  frequencies.  Any  combination  of  two  of  the  three 
rates  on  the  two  frequencies  is  possible,  including  the  same  rate  on  both 
frequencies,  except  1.024  mbs  rate  on  ooth  frequencies.  The  two  S-band 
frequencies  are  2207.5  MHz  and  2267.5  MHz.  The  modulation  type  is  phase 
modulation  by  bi-phase  NRZ-L  data.  The  data  may  be  encrypted.  The  expected 
readout  time  is  15  minutes.  A  less  likely  mode  is  a  readout  on  a  single 
frequency  at  any  one  of  the  three  data  rates.  Tracking  of  these  two  frequencies 
is  required,  but  tracking  would  most  likely  be  accomplished  on  the  Equipment 
Status  Telemetry  (EST)  frequency  (see  2C  below) .  This  requirement  is  for 
orbital  support  only  at  VTS. 

L.  Tracking,  reco'  lg,  recording,  and  microwave  relaying  wideband  data 
at  1.024  (mbs)  on  a  frequency  of  2252.2  MHz.  The  modulation  type  is  phase 
modulation  by  bi-phase  NRZ-L  data.  This  requirement  is  over  and  above  that 
outlined  in  paragraph  2a. 


c.  Tracking,  receiving,  recording,  and  microwave  relaying  a  narrow 

i 

band  EST  readout  at  approximately  60  kbs  on  ascent,  10  kbs  or  2  kbs  on  orbit 
on  2237.5  MHz.  ’’’he  modulation  type  is  phase  modulation  by  bi-phase  NRZ-L 
data.  The  expec.ed  readout  time  is  from  L/O  to  LOS  on  ascent  and  rise  to  fade 

f/<su*£  S  VTS  soffoier  fo*  &<.ouc  s-j> 


1-250 


on  orbit,  '’’his  requirement  is  for  ascent  and  orbital  support  at  VTS  and 
rev  0.9  support  at  INDI . 

d.  Tracking,  receiving,  recording  and  microwave  relaying  a  wideband 
data  readout  at  any  one  of  the  three  data  rates  discussed  in  2a  on  the  link 
discussed  in  2c.  This  would  be  likely  only  in  the  event  of  a  failure  of  one 
of  the  two  primary  data  links  discussed  in  2a. 

e.  Tracking,  receiving,  recording  and  microwave  relaying  a  wideband 
data  readout  at  1.024  mbs  on  2207.5  MHz,  2252.5  MHz  and  2267.5  MHz.  The 
expected  readout  time  is  15  minutes.  This  requirement  is  for  orbital  support 
at  HTS.  The  HTS  will  need  to  handle  only  one  frequency  at  any  given  time. 

f.  Microwave  relaying  any  combination  of  the  digital  signals  discussed 
in  2a,  2b,  2c  and  2d  from  VTS  to  a  fixed  location  on  VAFB.  (The  microwave 
equipment  would  be  provided  by  the  Program  Office.) 

g.  Pre-launch  nominal  ephemeris  predictions  and  early  orbit  tracking 
support  requirements  will  probably  not  be  significantly  different  from  the 
present.  Because  of  the  increased  ephemeris  requirements  of  the  Block  5D 
spacecraft,  a  greater  vehicle  location  accuracy  may  be  required  before  termination 
of  SCI  ephemeris  support. 

3 .  No  Requirement  Envisioned 

a.  Comnanding  the  spacecraft.  The  uplink  frequency  of  1835.791  MHz, 
however,  is  SGLS  compatible. 

b.  Decummutating  and/or  data  processing  of  mission  and  telemetry  data. 


4.  Time  Frame 

a.  The  microwave  relay  link  should  be  complete  by  1  July  1974. 

b.  The  remaining  requirements  should  be  complete  by  31  Dec  1974. 

5.  Request  your  response  to  these  projected  requirements  by  19  Oct  1973.  Of 
particular  interest  is  how  these  support  requirements  mesh  with  your  existing 
projections  in  capability  for  the  1974-1975  time  period. 

GEORGE  L.  WATTS ,  Major,  USAF 
Director  of  Operations 

Defense  Systems  Application  Program  Office 
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Inlra  Company 


27  November  1973 


TO:  John  Theibault 

FROM:  D.  E.  Ekman 

SUBJECT:  Trip  to  Naval  Weapons  Lab 


During  the  afternoon  of  16  November  1973,  C.  G.  Hilton  and  I  met  with 
Dr.  Robert  Hill  and  others  at  the  Naval  Weapons  Lab  In  Dahlgron,  Va .  to 
discuss  their  orbit  determination  program  CELESTE  and  its  possible  application 
to  DNS.  CELESTE  is  a  new  program  and  replaces  ASTRO,  which  was  developed  about 
1960  and  is  very  similar  to  TRACE.  CELESTE  represents  a  significant  depa  >:>.  v.rc 
from  the  ASTRO/TRACE  structure  in  that  considerable  use  is  made  of  linear  t  heory 
so  that  integration  is  performed  only  once  for  a  given  set  of  data. 

CELESTE  treats  only  doppler  measurements,  which  are  treated  a3  range 
differences.  Ionospheric  refraction  effects  are  removed  at  the  tracking 
stations  by  use  of  two  frequencies.  Tropospheric  refraction  is  modeled  with¬ 
in  CELESTE,  using  a  model  developed  by  H.  Hopfield  of  Johns  Hopkins.  The  data 
from  each  station  pass  are  edited  to  remove  outliers  (a  feature  lacking  in 
TRACE)  and  the  normal  equations  arc  formed  and  stored.  By  storing  pass  normal 
equations  rather  than  raw  data,  subsequent  processing  is  reduced  to  matrix  mani¬ 
pulations  without  the  need  for  repeated  integration.  A  typical  pass  matrix 
(set  of  normal  equations)  consists  of  six  orbit  elements,  one  drag  parameter, 
three  thrust  parameters,  a  radiation  pressure  multiplier,  three  station  coordinates, 
and  three  bias  terms  (frequency,  frequency  drift  rate,  and  tropospheric  refraction.) 
During  processing,  pole  position  data  can  be  developed  from  station  location  parameters 
Note  that  CELESTE  does  not  solve  for  geopotential  coefficients .  The  geopotential 
model  used  is  compLete  to  19th  order,  with  selected  coefficients  up  to  27th  order, 
for  a  total  of  480  terms.  This  model  is  available  as  WGS73  (classified  Confidential) 
and  was  developed  using  data  from  as  many  different  inclination  orbits  as  were 
available  over  the  past  ten  years.  The  program  that  solves  for  these  coefficients 
is  CEO,  which  was  developed  along  with  ASTRO  and  is  soon  to  be  replaced  by  TERRA,  a 
new  program  developed  along  with  CELESTE. 

When  used  with  TRANSIT  spacecraft,  fits  are  made  with  48-hour  data  spans. 

Residuals  are  about  1  to  1.5  meters.  Prediction  accuracy  is  claimed  to  be  about 
50  meters  for  48  hours,  and  70  meters  for  72  hours .  Accuracy  checks  have  been 
performed  using  laser  data  from  GEOS  satellites,  geodimeter  survey  data,  and  polar 
wander  data  compared  with  independent  determinations.  These  checks  appear  to 
support  a  claim  of  determination  accuracy  to  a  few  (less  than  5)  meters. 
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Integration  is  performed  by  a  10th  -  order  Gauss-Jackson  formulation 
(Cowell  form).  Since  circular  orbits  are  being  determined,  step  size  is  held 
fixed  during  integration.  To  yield  two-week  closure  accuracy  of  one  meter, 

100  mile  orbits  require  a  30  second  step  size;  500  mile  orbits  permit  a  1 
minute  step,  and  Dr.  Hill  estimates  that  11000  mile  orbits  will  permit  a  15 
minute  step. 

CELESTE  presently  runs  at  NWL  on  a  CtC  6700,  all  in  single-precision 
FORTRAN  IV  except  for  a  CDC  matrix  manipulation  package  which  presumably  is 
written  in  assembly  language,  and  except  for  the  refraction  model  which  uses 
some  double  precision.  CELESTE  also  operates  or  a  Univac  1108,  an  IBM  7090, 
and  an  SEL  86. 

For  DNS  application,  NWL  recommends  using  30  days  of  data  for  a  fit,  and 
integrating  for  another  90  days.  As  real  time  progresses  slide  the  30-day 
interval  forward  and  improve  the  prediction  by  linear  theory  without  re-integrating. 
This  is  much  like  the  piggyback  scheme,  but  the  periods  seem  very  large.  NWL 
have  not  done  any  simulation  to  verify  the  ability  to  predict  and  update  for  these 
long  intervals  while  maintaining  accuracy. 


J--  f  // - - 

D.  E.  Ekman 

Space  Systems  Technology  Department 
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Intra  Company 
23  November  1973 

To:  L.  G.  Walters 

FROM:  C.  G.  Hilton 

SUBJECT:  Trip  to  NWL,  Dahlgren,  Va. 

1.  General 

On  16  November  Don  Ekman  and  I  met  with  Dr.  Robert  Hill  and  other  NWL 
personnel  to  discuss  the  characteristics  of  Celeste,  thei-  new  orbit 
determination  program.  Celeste  has  replaced  Astro,  which  was  developed 
about  1960. 

Neither  Astro  nor  Celeste  solves  for  any  geopotential  coefficients. 

That  is  done  by  Geo,  which  will  be  replaced  soon  by  Terra,  a  new 
program  which  NWL  has  formulated. 

Celeste  uses  time  (UTC)  only  as  an  independent  variable.  The  coordinate 
axes  are  either  Mean  Equator  and  Equinox  of  1950.0  or  True  Equator  and 
Equinox  of  Epoch.  Epoch  is  usually  taken  at  the  beginning  of  a  two-day 
fit  on  Transit  satellites. 

2.  Data  Handling 

Station  coordinates  are  computed  with  respect  to  these  axes.  There  are 
corrections  however  for  the  position  of  the  instantaneous  pole  and  for 
the  earth  rotation  rate.  The  polar  coordinates  and  rotation  rate  are 
possible  solution  parameters. 

The  data  processed  are  doppler  measurements,  which  are  treated  as  range 
differences.  Two  frequencies  are  used  so  that  the  stations  can  remove 
the  effects  of  ionosphere  refraction.  (Only  the  fixed  stations  have  this 
capability,  the  geoceivers  do  not.)  Tropospheric  refraction  is  removed 
by  using  the  model  developed  by  Helen  Hopfield  of  APL. 


L.  G.  Walters 


-2- 


23  November  1973 


3.  Orbit 


arovement 


The  data  from  each  station  pass  are  edited  and  the  normal  equations  are 

formed.  The  state  vector  consists  of  the  six  orbit  parameters  (M-N 

elements),  a  "canonical"  drag  parameter,  three  orbit  adjust  components, 

a  radiation  pressure  multiplier,  three  station  coordinates  and  three 

biases  (satellite  oscillator  frequency,  drift  rate  and  tropospheric 

refraction.)  The  pole  position  partials  can  be  formed  from  the  station 

T  T 

coordinate  partials.  The  A  A  and  A  B  are  then  stored  away  for  future 
processing. 


The  partial  derivatives  with  respect  to  the  orbit  elements  and  physical 

model  parameters  are  integrated  along  with  the  orbit.  Even  though  the 

T  T 

differential  correction  can  be  iterated,  the  A  A  and  A  B  are  never  recom¬ 
puted.  TRANSIT  corrections  converge  in  one  iteration,  but  lower  orbits 
require  several  iterations.  Note  that  the  ephemeris  is  computed  only 
once.  Corrections  to  the  elements  are  taken  out  of  the  residuals  by 

use  of  the  partial  derivatives.  Constraints  on  the  solution  can  be 

T 

imposed  by  adding  values  to  the  diagonal  of  A  A. 


Celeste  does  not  have  a  multisatellite  capability  although  multisatellite 
solutions  have  been  performed  "Off-line"  by  extracting  the  relevant 
matrix  quantities. 


4.  Force  Model 

Celeste  uses  an  exponential  model  of  the  atmosphere  at  TRANSIT  altitudes. 
The  "canonical"  drag  parameter  means  that  the  partials  are  formed  with 
respect  to  a  unit  ballistic  coefficients  so  that  the  orbit  determination 
interval  (OBI)  can  be  divided  into  5-6  spans  during  each  of  which  a 
separate  drag  multiplier  can  be  solved.  This  is  used  more  at  lower 
altitudes  than  for  TRANSIT  orbits. 


Lunar  and  solar  gravitational  attractions  are  then  computed  but  no  other 
planets  are  used,  NWL  has  generated  its  own  lunar  and  solar  ephemerides. 
The  sun  is  tabulated  at  24  hour  intervals,  the  noon  at  12  hours.  The 
same  solar  ephemeris  is  used  to  compute  radiation  pressure.  A  single 
multiplier  is  used  for  radiation  pressure  but  NWL  is  experimenting  with 
a  method  of  representing  illuminated  area  (weighted  by  albedo)  from 
photography  of  the  satellite  before  launch. 
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The  latest  earth  model  is  NWL  10c,  which  has  480  terms,  with  harmonic 
terms  up  to  27th  order.  It  has  been  adapted  as  WGS73.  The  Geo 
determination  used  satellites  in  orbits  at  12  different  inclinations. 
This  is  the  same  model  which  was  presented  recently  at  SAMSO 
(J.  L.  Arsenault  attended).  The  coefficients  are  classified  con¬ 
fidential. 

The  effect  on  the  geopotential  of  the  solar  and  lunar  tides  are  also 
computed.  The  same  ephemerides  are  used  for  this  perturbation. 

5.  Integration  and  Error  Estimates 

The  numerical  integration  is  performed  by  a  10th  order  Gauss-Jackson 
formulation.  The  starting  tables  are  formed  laboriously  as  Cowell 
did  it  80  years  ago.  (Dr.  Herget  still  visits  NWL  occasionally.) 
Constant  step-sizes  are  used  since  all  orbits  are  nearly  circular. 

The  following  step-sizes  are  used  to  achieve  closure  better  than  one 
meter  over  two  weeks  of  integration: 

Orbit  Altitude  (n.m.)  Step-Size  (mins) 

100  0.5 

500  1.0 

1100  15.0 

Internal  accuracy  of  a  two-day  fit  to  a  TRANSIT  satellite  is  within  a 
few  meters.  User  accuracy  is  claimed  to  be  better  than  50  meters  after 
a  two-day  prediction  and  better  than  70  meters  after  a  three-day  pre¬ 
diction  (i.e.,  the  error  increases  about  a  meter  per  hour).  Of  course, 
there  is  a  threshold;  at  16  hours  the  prediction  error  is  between  20 
and  30  meters. 

6.  DNS  Application 


The  following  usage  of  Celeste  for  DNS  was  given  to  us  as  well  as  to 
the  General  Dynamics  personnel  who  visited  on  the  previous  Wednesday 


L,  C.  Waiter*  •i*  S&.  23  November  1973 


Fit  30  days  of  data,  obtained  in  15-oinute  passes  and  integrate  another 
90  days  (with  variational  equations).  Use  a  sliding  30-day  ODI  to 
obtain  In^rovements  to  the  ephemerls  over  the  next  two  or  three  days. 

We  responded  that  we  had  a  similar  scheme  but  had  throught  of  only 
7-day  ephemerides.  ' 


Program  Availability 


Celeste  runs  on  a  CDC  6700  at  NWL.  Only  single  precision  is  needed 
except  in  the  refraction  model,  which  uses  some  double  precision. 

The  version  at  DMA  runs  on  an  1108  and  uses  double  precision.  Celeste 
has  also  been  run  by  SPASUR  on  a  7090.  Dick  Farrar  at  Aerospace  has 
the  Orbit  Determination  Overlay.  Aerospace  works  from  ephemerides 
furnished  by  NWL. 


There  are  other  overlays  for  Data  Preparation,  Data  Editing  and  Orbit 
Integration.  The  largest  overlay  uses  125K  (octal)  words.  The  program 
is  in  FORTRAN  IV.  All  subroutines  except  the  CDC  Matrix  Routines  were 
written  by  NWL. 


Doc  mentation  is  in  draft  form,  partly  manuscript,  partly  typed. 

Capt.  Bimbaum  directed  that  no  documentation  be  given  to  us  (or  CD), 
Publication  is  5-6  months  off.  We  looked  at  the  documentation.  It 
is  in  fairly  free  form  which  looks  nothing  like  a  Part  I  Spec. 


C.  G.  Hilton 
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Subject:  Trip  Report,  Naval  Weapons  Laboratory,  September  27,  1973 


J.  E.  Theibault  and  the  undersigned  visited  the  Naval  Weapons  Laboratory, 
Dahlgren,  Virginia  22448  on  September  27,  to  meet  with  Dr.  R.  W.  Hill 
(707-663-8046)  and  Mr.  R.  J.  Anderle  (707-663-8159).  The  principle  purpose 
of  this  visit  was  to  obtain  information  on  the  methods  and  techniques  used 
for  data  collection,  data  processing  and  orbit  determination  for  the  Navy 
Navigation  Satellite  System  (NNSS).  Plans  to  visit  Roger  L.  Easton, 

Timation  Program  Manager  (202-767-3084)  and  C.  A.  Bartholomew  (202-767-2595), 
Naval  Research  Laboratory,  Washington,  D.C.  20375,  were  unsuccessful  due  to 
schedule  conflicts. 

Dr.  Hill  and  Mr.  Anderle  have  been  involved  in  satellite  orbit  determina¬ 
tion  and  geodetic  position  determination  using  satellite  observations  for 
over  12  years.  They  represent  the  focal  point  for  all  Navy  supported  navi¬ 
gational  system  data  processing.  Their  current  activities  are  sumnarized 
below  in  terms  of  three  current  applications: 

1.  Geodetic  Tracking  Network 

2.  Transit  Operational  Network 

3.  Timation  Satellite  Program 

Geodetic  Tracking  Network 

NWL  is  responsible  for  satellite  orbit  determination  and  geodetic  position 
determination  for  the  Geodetic  Tracking  Network.  This  network  consists  of 
15  to  20  stations  distributed  around  the  world  which  track  5  transit  satel¬ 
lites  in  near  circular  polar  orbit  at  altitudes  of  about  1009  km.  Vehicle 
ephemcrides  are  based  on  a  least  square  fit  of  doppler  tracking  data 
observed  over  a  48  hour  interval.  The  doppler  tracking  data  is  derived 


^Geodetic  Control  with  Doppler,  R.J.  Anderle,  American  Society  of 
Fhotogrometry,  March  1973. 
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from  two  coherent  received  signals  at  150  MHz  and  400  MHz.  Measurements 
are  made  discontinuous  each  4  seconds  over  intervals  of  less  than  l  second, 
or  made  continuously  at  10  to  20  second  intervals.  Data  at  the  two 
frequencies  are  combined  to  correct  for  first  order  ionospheric  refraction. 
The  measurements  are  punched  on  teletype  tape  and  transmitted  to  the 
Applied  Physics  Laboratory  of  Johns  Hopkins  University  where  the  data  are 
transferred  to  magnetic  tape  and  sent  to  the  Naval  Weapons  Laboratory  once 
each  day.  Observations  are  first  calibrated  and  filtered.  Time  signals 
transmitted  by  the  satellite  are  used  to  correct  local  station  clocks. 

An  average  time  correction  is  determined  for  each  pass.  Satellite  position 
is  computed  by  numerical  integration  of  the  equations  of  motion  of  the 
satellite  which  include  effects  of  atmospheric  drag,  solar  radiation,  lunar- 
solar  gravitation,  lunar-solar  solid  earth  tides,  and  earth  gravity.  The 
earth  gravity  is  defined  by  a  spherical  harmonic  expansion  which  includes 
about  450  terms.  Tracking  data  obtained  over  the  48  hour  interval  is 
processed  to  estimate  the  following  parameters: 

•  Six  orbital  elements 

•  One  atmospheric  drag  coefficient 

•  One  satellite  frequency  bias  for  each  pass 

(approximately  200  passes  per  batch) 

•  One  tropospheric  refraction  bias  parameter 

•  Two  earth  axis  coordinates 

These  computations  are  performed  on  the  NWL  CDC  6700  computer  in  a  batch 
processing  mode.  The  cost  of  each  Datch  is  between  $200  and  $400  and 
requires  several  hours  of  time  on  the  machine.  NWL  estimates  the  accuracy 
of  the  resulting  orbit  determination  at  2  meters.  The  results  of  the  NWL 
process  arc  distributed  to  various  agencies  for  post-pass  analysis.  Pre¬ 
diction  accuracies  for  intervals  of  12,  24,  48,  and  72  hours  after  a 
day  orbit  fit  are  estimated  at  8,  15,  35,  and  70  meters  respectively. 2 
Further  description  of  the  geodetic  tracking  network  can  be  found  in 
reference  1. 

Transit  Operational  Network 

I 

The  responsibility  for  operational  control  of  the  five  transit  satellites 
is  assigned  to  the  Navy  Astronautics  Group  at  Pt.  Mugu,  Capt,  Liebert, 
Commander.  This  group  operates  four  operational  tracking  sites  at  Maine, 
Minnesota,  California  and  Hawaii,  and  a  data  computation  facility  at 
Pt.  Mugu.  This  network  provides  real  time  ephemeris  determination,  satel¬ 
lite  comnanding  control  in  support  of  various  operational  real  time  users. 
Tracking  data  is  collected  from  the  operational  sites  and  transmitted 
directly  to  Pt.  Mugu.  The  data  is  similar  to  that  used  by  the  geodetic 
tracking  sites  but  with  some  differences  due  to  different  receiving 


2 

Accuracy  of  a  Predicted  Satellite  Position,  L.K.  Beuglas,  M.S. Douglas, 
NWL  TR27S8,  June  1972 
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equipment.  Observations  from  each  satellite  are  collected  over  a  12  hour 
period.  This  data  is  combined  with  24  hours  of  rid  data  for  orbit  determi¬ 
nation  using  a  conventional  least  square  process.  This  process  produces 
a  new  estimate  of  satellite  orbital  parameters  each  12  hours  ->tus  correction 
terms  for  prediction  of  satellite  position  at  two  minute  intervals  for 
16  hours  past  the  end  of  the  tracking  data  interval.  These  data  are  then 
loaded  into  the  satellite  and  are  broadcast  every  two  minutes  to  potential 
users.  The  Pt.  Mugu  facility  uses  a  7094  computer,  requires  approximately 
4  hours  to  process  each  new  data  batch  and  to  reload  the  satellites.  The 
program  used  is  one  developed  at  APL  a  number  of  years  ago  and  is  based  on 
earlier  programs  at  NWL.  The  operational  network  orbit  determination  is 
good  to  20  meters  over  the  12  hour  tracking  interval,  an  average  of  40 
meters  over  the  16  hour  prediction  interval,  with  a  maximum  error  of  80 
mtfVts  at  the  end  uf  the  prediction  Internal.  These  satellite  predictions 
are  independent  of  each  other.  Neither  NWL  or  Pt.  Mugu  have  multi- 
satellite  orbit  determination  programs  at  this  time. 


1'imation  Three 


NWL  is  in  the  process  of  developing  an  extension  of  their  existing  computer 
programs  called  CELESTE.  This  program  will  be  designed  to  support  future 
Navy  programs  currently  planned  such  as  Timation  Three.  The  use  of  side 
tufK.  ranging  (TTh)  and  the  medium  altitude  orbit  for  Timation  three  will 
require  estimation  of  a  different  set  of  system  parameters.  At  this  time 
the  following  parameters  are  planned: 


1. 

2. 

3. 

4. 

5. 


Six  orbital  elements  per  satellite 

One  solar  pressure  parameter  (CFAW)  per  satellite 

Two  vehicle  clock  parameters  (time  bias  and  drift  rate) 

Two  clock  parameters  for  each  station 
Two  pole  position  coordinates 

All  undetermined  number  of  harmonic  geopotential  coefficients 


Current  plans  do  not  include  a  multi-vehicle  solution.  However,  NWL  people 
ugruu  that  a  multi-vehicle  orbit  determination  wn  Id  bt  required  to  get 
DNSDl’  accuracy  objectives  in  real  time. 


Geopotential  Modeling 


Much  of  NWL's  work  over  the  past  years  has  been  focused  on  refinement  of 
the  gcopotential  model  used  in  their  orbital  determination  programs.  The 
current  model  used  is  based  on  a  25  by  25  coefficient  matrix  which  has  been 


truncated  to  approximately  450  terms  by  neglecting  insignificant  terms." 


3 

"Effect  of  Neglected  Gravity  Coefficients  on  Computed  Satellite  Orb. t  and 
Geodetic  Parameters,"  R.J.  Anderle,  C.A.  Malyevac,  and  H.L.  Green  J-., 
Journal  of  Spacecraft  and  Rockets,  Vol  6,  Pages  951-954,  At  gust  19o9 
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The  values  in  current  use  are  contained  in  a  confidential  report.^  Dr.  Hill 
described  what  he  believes  to  be  the  principle  limitation  of  modeling  the 
gravitational  coefficients  for  the  12  hour  orbit.  The  errors  due  to  the 
harmonic  terms,  ie,  those  terms  whose  order  are  divisors  of  the  orbit  period, 
will  be  amplified  in  the  solution.  Thus  it  may  be  necessary  to  include 
these  terms  in  the  real  time  estimation  rather  than  to  treat  them  as 
parameters  which  are  calibrated  independently. 

Pole  Position  Estimates 

NWL  includes  in  each  48  hour  orbit  determination  estimates  of  the  X  and  Y 
components  of  the  pole  position.  Analysis  of  satellite  observations  over 
several  years  have  indicated  that  the  use  of  pole  motion  determined  from 
astronomical  results  and  available  through  the  International  Polar  Motion 
Service  can  introduce  errors  of  several  meters  in  geodetic  position 
determinations.  NWL  now  includes  an  estimate  of  the  X  and  Y  components 
in  each  48  hour  orbit  determination,  and  publishes  the  results  on  an 
annual  basis.  Reference  5  indicates  that  the  current  process  results  in 
a  typical  standard  error  in  pole  position  for  a  5-day  mean  of  20  cm. 

Reference  Material 


A  bibliography  of  NWL  publications  on  satellite  geodesy  is  attached.  Copies 
of  those  items  marked  with  a  star  were  obtained  and  are  available  in  the 
DNSDP  Reference  File. 
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NWL-9B  Geodetic  Solutions  (U)  Chen,  Martin  and  Smith,  NWL  TR2555,  April. 
1971  (Confidential). 

"’Pole  Position  for  1972  Based  on  Doppler  Satellite  Observations, 

R.J.  Anderle,  NWL  TR2952,  May  1973. 
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TO: 

FROM: 


J.  T.  Witherspoon 
D.  E.  Westby 


SUBJECT:  Trip  Report  -  Elmendorf  Air  Force  Base,  Anchorage,  Alaska 


Persons  Contacted: 

Alaska  Air  Command  - 

E.  A.  Reinikka-  Deputy  Base  Civil  Engineer 
E.  Smitty  Bruntzel  -  Logistics  Manager 

1931st  Communications  Group  - 

Col.  M.  J.  Anderson  -  Commander 

Col.  J.  R.  Stormes  -  Deputy  Commander 

Lt.  Col.  W.  I.  Blanton  -  Chief  Programs  Division 

Maj.  T.  R.  Cook  -  Chief  Engineering 

Maj.  E.  W.  Place  -  Chief  Maintenance  Division 

G.  Connell  -  Chief  Civil  Engineering  Division 
J.  A.  Movius  -  Chief  Civil  Engineer 

H.  F.  Gallagher  -  Chief  Administration  Unit 

Defense  Communications  Agency  (DCA)  Alaska  - 

Commander  J.  W.  Sachtijen,  USN  -  Commander 


Phone  Numbers 

754-1227 

753-1150 


752-2221 

752-9221 

752- 9288 

753- 4174 
753-1171 
753-0211 
753-7185 
752-5284 


754-0121 


1.  Purpose  -  The  purpose  of  the.  subject  trip  was  to  obtain  information  regarding 
the  location  of  the  Globial  Positioning  System  (GPS)  Upload  and  Monitor 
Station  at  Elmendorf  Air  Force  Base. 

2.  Background  -  Elmendorf  Air  Force  Base  is  the  host  activity  for  many  Department 
of  Defense  components  and  agencies.  Alaska  Command  has  its  Headquarters  here, 
and  one  of  its  functions  is  to  provide  support  of  forces  throughout  Alaska. 

The  Alaska  Air  Command  (AAC)  is  the  top  USAF  command,  and  all  USAF  base  activi¬ 
ties  supports  this  command.  The  AAC  assigns  real  estate  to  the  various  tenant 
activities.  As  far  as  could  be  determined  there  has  been  no  official  request 
for  obtaining  the  use  of  facilities  for  the  GPS.  Lt.  Col.  Blanton  phoned 

Lt.  Col.  Jessen's  office  in  Los  Angeles  and  received  a  verbal  request  (to  be 
confirmed  by  message)  to  assist  in  finding  facilities  to  meet  GPS  requirements. 
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Facilities  -  Elmendorf  is  a  very  active  air  base  and  space  for  additional 

activities  is  at  a  premium.  The  search  for  an  ULS  site  narrowed  down  to 

two  possible  locations.  See  Figure  1  attached. 

a.  The  1931st  Communications  Group  are  presently  planning  to  build  a 
Satellite  relay  station  on  the  Northeast  corner  of  the  base.  They 
have  a  target  date  to  complete  the  station  within  nine  months  after 
start  of  construction.  However,  although  their  plan  and  design 
stage  is  almost  complete,  no  construction  funds  have  been  approved 
for  the  project.  Their  planned  station  would  consist  of  an  antenna 
and  pedestal,  power  substation  with  an  emergency  diesel  engine, 

2  mobile  vans  with  racks  of  equipment  and  a  100  pair  communications 
cable  from  the  site  to  the  Communication  building. 

This  site  could  be  utilized  to  locate  the  GPS  Update  Station  (GLS). 

The  site  is  particularly  desirable  as  far  as  RFI  and  obscura  effects 
are  concerned.  A  ridge  between  the  site  and  the  remainder  of  the 
base  facilities,  including  air  field  radars,  beams,  etc.,  provides 
shielding  from  any  interferring  affects.  There  is  one  mountain 
peak  just  at  the  maximum  limit  of  5  degrees  elevation.  The  power 
substation  is  designed  to  provide  200  kw  of  which  over  75  kw  would  be 
excess  to  the  relay  station  requirements.  Since  there  are  presently 
no  buildings,  on  of  the  ULS  here  would  require  either  use  of 

equipment  van  imilar  to  the  Annette  Island/MTS  Guam  sites,  or 

new  construct  oth  would  probably  require  use  of  electric  heating. 

Thus,  the  excess  75  kw  would  undoubtably  be  required  for  the  ULS. 

One  additional  disadvantage  is  the  remoteness  of  the  location,  in 
that  Civilian  Operators  would  have  to  travel  a  considerable  distance 
for  existing  housing  facilities.  This  would  probably  be  no  dis¬ 
advantage,  if  the  ULS  was  made  a  blue  suit  operation. 

b.  The  second  location  considered  suitable  for  locating  the  ULS  is  in 
an  existing  building  No.  35-750  on  U.S.  Army  Fort  Richardson.  The 
building  is  a  reinforced  concrete  structure  with  an  associated  power 
house.  There  is  adequate  heating,  air  conditioning,  lighting,  office 
space,  and  equipment  space.  The  1931s_t  Communications  Group  presently 
uses  the  building  for  their  VHF  transmitter  equipment.  Over  2500  sq. 
feet  of  floor  area  is  clear  of  all  equipment.  See  Figure  2  attached. 
The  ULS  transmitting  antenna  could  be  located  on  the  roof  of  the 
building,  whicn  is  approximately  45  feet  high.  The  Air  Force  is  in 
process  of  removing  a  650  kw  Diesel  Engine-motor-generator  unit  from 
the  Power  House  building,  and  replacing  it  with  a  200  kw  set.  Present 
load  is  approximately  50  kw  peak.  Communications  circuits  between  this 
site  and  Elmendorf  has  a  large  spare  capacity,  and  it  is  considered  ULS 
requirement  could  be  handled  without  need  for  additional  cabling.  The 
location  of  the  site  is  close  to  all  housing  requirements  that  might 

be  needed.  The  only  disadvantage  which  could  be  determined  in  locating 
the  ULS  at  this  site  is  the  obscura  caused  by  two  mountain  peaks  at 
bearings  of  approximately  88°  and  134°  (true).  The  obscura  angles 
were  6°-0",  and  6°-15"  respectively  taken  from  the  top  of  the  building. 
The  transit  was  approximately  49  feet  above  the  ground  level. 
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In  addition,  the  mountain  at  the  bearing  of  88°  has  a  "Nike"  missile 
site  located  on  the  top.  The  site  is  approximately  four  miles  (straight 
line)  away  from  building  No.  35-750.  Although,  the  "Nike"  site  would 
be  in  the  path  of  the  ULS  transmitted  beam,  it  is  considered  that  a  radiation 
hazard  to  personnel  or  electro-explosive  devices  would  not  exist  (Reference: 
AFM  127-100  Explosive  Safety  Manual). 

4.  Grounding  -  foil  conditions  in  and  around  Elmendorf  consist  of 
typical  glacier  gravel  deposits.  The  top  soil  is  1  to  2  feet  of  salty, 
sandy  material,  while  below  it  is  relatively  clean  sandy  gravel  with  cobbles 
4  to  6  inches  in  diameter. 

Water  table  in  area  of  building  35-750  on  Fort  Richardson  varies 
between  2  and  4  feet  below  the  surface.  The  general  opinion  at 
Elmendorf  is  that  a  5-ohm  ground  condition  is  excellent,  however, 
no  scientific  study  of  ways  to  improve  this  situation,  if  possible, 
has  been  carried  out.  No  formal  drawings  of  a  ground  system  could 
be  obtained. 

5.  Boreslght  -  Both  proposed  sites  are  in  relatively  flat  land  locations 
within  a  distance  of  1  mile.  The  Elmendorf  site,  however,  has  small 
hilly  rises  (25  to  35  feet)  within  this  area.  The  Fort  Richardson  site 
i s  flat  up  to  about  2  miles  away. 

6.  Communications  -  The  following  comments  were  received  to  specific 
questions: 

a.  Additional  lines  would  have  to  be  leased  for  link  to 
the  lower  48  states. 

b.  A  multiplexer  and/or  modems  can  be  added  to  comm  links, 
provided  2400  baud  rate  is  not  exceeded. 

c.  Any  additional  cabling  can  be  added,  if  required, 
between  comm  area  and  ULS  site. 

d.  Comm  path  to  Elmendorf  is  shown  in  attached  map.  See  Figure 

3. 


Maintenance  and  Logistics  Support  -  Existing  support  requires  all  present 
personnel;  however,  base  can  handle  ULS  support  if  additional  personnel 
is  authorized  by  AF.  Servo  maintenance  is  not  presently  accomplished  by 
base  personnel. 

Timing  -  Bureau  of  Standards  unit  is  located  at  Elmendorf,  in  addition 
to  USAF  PMEL  timing  standard  equipment.  Timing  support  for  the  ULS 
could  be  worked  out,  if  desired. 
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9.  Documentation  -  The  following  documentation  materials  were  obtained 
and  are  available  from  the  undersigned: 

a.  Brochure  of  Elmendorf  Air  Force  Base,  Anchorage,  Alaska. 

b.  Alaska  Air  Command  Master  Base  Plan,  Elmendorf  (contains 
contour  lines)  8  sheets. 

c.  Equipment  Floor  Plan,  building  35-750,  Elmendorf  AFB. 

d.  DCA,  Alaska  Communications  Link  Drawing. 

e.  Elmendorf  AFB  drawing  (2  sheets). 

f.  Joint  Operations  Graphic  (air),  Anchorage,  Alaska  Area. 

L0.  Summary  -  The  Fort  Richardson  site,  building  35-750,  is  considered 
an  ideal  facility  for  the  ULS,  provided  the  6  degrees  obscura  is 
acceptable.  Minimum  preparation  of  the  location  is  required. 


/blm 


Attachments  Figure  1  -  Elmendorf  Air  Force  Base  Plot  Pi  in 

Figure  2  -  Main  Floor  Plan  Building  35-750,  Fort  Richardson 
Figure  3  -  DCA,  Alaska 
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7.0  EFFECT  OF  CONFIGURATION  ON  ACCURACY 


The  initial  analysis  of  configuration  alternatives  investigated  the  effect  o 
the  different  configurations  on  the  Ephemeris  contribution  to  the  Users  Equiva¬ 
lent  Range  Error  (UERE) .  The  first  memorandum  discusses  the  variation  in 
accuracy  for  the  first  set  of  configurations  considered:  SCF-1,  SCF-2,  SAC, 

NAG  (TRANET)  and  NWL.  The  next  memorandum  addresses  the  same  Control  Segment 
configurations,  but  with  an  improved  orbit  configuration.  The  last  exten  s  t. 
observation  span  from  24  hours  to  48  hours  and  considers  the  relocation  of 
the  Hawaii  Monitor  Station  to  Guam. 


. . . 


PHILCO 


Intra  Company 

November  28,  1973 
DNSDP-ARM-001 

TO:  D.  G.  Middlebrook 

FROM:  A.  R.  Miller 

SUBJECT:  Alternate  Station  Configurations 

I 

The  following  report  discusses  the  results  from  the  utilization 
of  the  five  alternate  station  configurations.  The  covariance 
analysis  mode  of  the  TRACE  program  was  run  for  each  of  the 
configurations. 

Table  1  summarizes  the  results  found  by  comparing  user  position 
uncertainties  and  orbit  determination  accuracies.  The  value  of 
oT  is  equal  to  4va^  o2  o3  a4  ,  where  aN  _  j  2  3  4  are  the 

RSS  positional  errors  of  the  vehicles,  thus  allowing  for  a 
convenient  means  to  compare  the  various  station  configurations. 
The  values  of  oalt,  olat,  and  olong  are  the  user  position 
uncertainties.  All  of  the  above  mentioned  uncertainties  are 
measured  in  feet.  The  results  indicate  that  the  various  station 
configurations  do  not  have  any  significant  impact  on  the  user's 
uncertainties  or  satellite  positional  errors. 

Assumptions 

The  following  assumptions  were  made  in  this  effort: 

1)  Orbit  Configuration  (Delta) 

2x2  system  with  the  following  elements  for  vehicle  #1: 

Semi  major  axis,  a  =  87,304,082  ft  Rt  Ascen,  SI  =  21J° 
Eccentricity,  e  =  .0001  Argument  of  Perigee,  w  ■  0 
Inclination,  i  =  63°  M  =  0 
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The  remaining  satellites  have  40°  separation  in  mean  anomaly, 
the  second  orbit  plane  is  120°  west  (f2  =97)  and  the  phasing 
between  planes  is  90°.  There  is  a  4  hour  in  view  time 
over  Holoman  and  a  high  spike  in  GDOP  associated  with  this 
orbit  configuration. 


Tracking  Network 


Five  station  groups  were  used  to  gather  the  tracking  data, 
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Configuration  1 

SCF  1 

Station 

Lat 

Long 

Ht 

BOS 

42.95 

288.37 

0. 

GUM 

13.62 

144.86 

0. 

HUL 

21.56 

201.76 

0. 

KOD 

51.60 

207.82 

0. 

VTS 

34.83 

239.50 

0. 

Configuration  2 

SCF  2 

Station 

Lat 

Long 

Ht 

IOS 

-4.67 

55.48 

0. 

GUM 

13.62 

144.86 

0. 

HUL 

21.56 

201.76 

0. 

KOD 

57.60 

207.82 

0. 

VTS 

34.83 

239.50 

0. 

Configuration  3 

SAC 

Station 

Lat 

Long 

Ht 

SPO 

47.58 

242.33 

0. 

LOR 

44.82 

293.05 

0. 

HUL 

21.56 

201.76 

0. 

GUM 

13.62 

144.86 

0, 

SAC 

41.33 

264.00 

0. 

(Master) 


(Master) 


(Master) 
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Configuration  4 

TRANET 

Station 

Lat 

Long 

Ht 

MUG 

34.08 

240.83 

0. 

MIN 

44.75 

266.83 

0. 

LOR 

44.82 

293.05 

0. 

HUL 

21.56 

201.76 

0. 

VTS 

34.83 

239.50 

0. 

(Master) 

Configuration  5 

NWL 

Station 

Lat 

Long 

Ht 

VIR 

38.50 

283.78 

0. 

RIC 

25.50 

279.50 

0. 

YUM 

32.58 

245.33 

0. 

SAM 

14.28 

189.30 

0. 

VTS 

34.83 

239.50 

0. 

(Master) 

For  each  of 

he  five 

configurations 

a  user  location  was 

designated. 

A  site  i 

at  Holoman 

was 

chosen  with  Lat  33.00, 

Long  254.00 

and  Ht  0 

• 

3)  Measurement  Type 

Range  data  with  a  standard  deviation  of  10  feet  for  random 
errors  was  assumed.  All  standard  deviations  were  the  same 
for  each  configuration  so  that  a  valid  comparison  of 
results  could  be  obtained. 

4)  Observation  Span  and  Data  Rate 

A  24  hour  observation  span  with  an  interval  between  observation 
sets  (one  measurement  from  each  tracker  to  each  satellite) 
of  £  hour  was  chosen.  The  user  took  observation  data  at 
24  hours  after  epoch.  The  observation  span  and  data  rate 
remained  unchanged  for  all  of  the  station  configurations. 
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5)  Parameters  Considered  In  Error 

A  total  of  79  parameters  were  considered  for  each  of  the  five 
runs.  The  parameters  and  their  respective  standard  deviations 
of  uncertainty  considered  in  the  solution  were  obtained  from 
a  previous  TRACE  run  in  the  covariance  mode.  Certain 
assumptions  were  made  for  the  user  and  master  station 
uncertainties  as  shown  below. 

Stations 

Monitor  Deviation  Master  Deviation 

Longitude  11  ft  Latitude  11  ft 

Latitude  11  ft  Altitude  20  ft 

Altitude  20  ft  Range  Bias  10  ft 

Range  Bias  10  ft 

RB  Drift  Rate  .0003  ft/sec 
Time  Bias  .001  sec 

Since  the  master  station  was  chosen  for  its  stability  and 
considered  the  reference  station,  parameters  such  as 
longitude,  range  bias  drift  rate  and  time  bias  were  not 
considered  as  unknown  p-parameters  and  therefore  did  not 
appear  in  the  solution. 


User 

Deviation 

Long 

10000  deg 

Lat 

10000  deg 

Alt 

10000  ft 

RBIA 

10000  ft 
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Since  the  user  station  only  takes  observation  data  at  the 
end  of  the  24  hour  span.  Just  the  above  parameters  were 
considered  with  high  standard  deviation  of  uncertainty. 

Discussion  of  Computer  Runs 

In  general,  the  alternate  station  configurations  did  not  have 
any  significant  impact  on  the  user's  output  nor  on  the  orbit 
determination  accuracy  for  each  of  the  five  runs. 

The  parameter  VSB  (range  bias  for  vehicle  receiving  from  a  station) 
was  tested  as  an  unknown  for  each  satellite.  The  solution  for 
this  parameter  in  each  system  configuration  showed  negligible 
change.  The  uncertainty  remained  at  50'  for  all  cases.  The 
correlations  of  VSB  with  each  of  the  satellites  position  components 
were  relatively  high  without  any  significant  change  due  to  station 
configuration.  This  held  true  with  the  comparison  of  VSB 
correlations  among  the  satellites,  ie,  correlations  were  in  the 
order  of  .98. 

The  user  uncertainties  also  were  not  significantly  affected 
by  the  change  in  system  configuration  as  shown  in  Table  ?.. 

A  comparison  of  the  RSS  position  satellite  errors  was  made  at 
T  =  18  hr,  24  hr  (time  of  observation)  and  30  hrs  after  epoch. 

The  spectrum  of  position  error  was  primarily  from  60  ft  to  80  ft. 

The  station  configuration  had  no  appreciable  effect  on  the  satellite 
position  error.  The  errors  are  shown  in  Table  3. 

The  higher  RSS  satellite  position  error  associated  with  the 
TRANET  configuration  may  be  attributed  to  the  lack  of  a  tracking 
station  far  out  in  the  Pacific,  such  as  GUM  or  SAM. 

A.  R.  Miller 
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SUMMARY  OF  EFFECTS  OF  ALTERNATE  STATION  CONFIGURATIONS 


User 
Errors 
at  T=24l 
hrs. 


J* 


Long  Lat 


^lt 


Sat 

Ephem 

Errors 


qp  at  T=24 
hrs 

aT  at  T=30 
hrs 


SAC 

TRANET 

20.6 

22.35 

18.8 

18.6 

17-3 

30.2 

32.  9 

29.8 

27.9 

24.8 

63.7 

62.7 

63.7 

69.8 

67.9 

71.7 

70.5 

71.9 

83.1 

78.0 

TABLE  1 
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<*L 

(ft.) 


<*> 

(ft.) 


°3 

(ft.) 


°4 

(ft.) 


RSS  SATELLITE  POSITION  ERROR 


T=l8  hrs 
T=24  hrs 
T==30  hrs 


T=l8  hrs 
T=24  hrs 
T==30  hrs 


T=l8  hrs 
T=24  hrs 
T-30  hrs 


T=l8  hrs 
T=24  hrs 
T=30  hrs 


SCF  2 

SAC 

TRANET 

NWI, 

6l.8l 

64.20 

71.72 

66.77 

66.46 

70.14 

79.43 

74.89 

70.76 

74.40 

92.02 

83.86 

62.35 

62.65 

69.83 


60.45 

58.94 

69.81 


61.38 

62.21 

71.58 


62.92 

64.91 

72.43 


59-65 

58.19 

67.57 


6l.ll 

61.52 

71.31 


TABLE  3 


63.31  67.29 
62.92  65.53 
70.78  75.65 


59-88  64.16 
59.19  67.60 
69.85  83.20 


61.32  66.10 
62.88  67.64 
72.55  82.28 


63.94 

64.61 

73.54 


61. 41 
65.9^ 

77.43 


64.01 

66.53 

77.54 
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TO:  D.  G.  Middlebrook 

FRi”>M:  A.  R.  Miller 

SUBJECT:  Comparison  of  Four  Control  Segment  Alternatives 


This  memo  documents  results  found  In  past  computer  runs  designed  to  compare 
effects  of  four  different  station  configurations.  The  covariance  analysis 
mode  of  the  TRACE  program  was  run  for  each  of  the  configurations. 

Table  1  sumnarlzes  the  results  by  comparing  user  position  uncertainties  and 
orbit  determination  accuracies.  The  numerical  values  for  Table  1  are  expressed 
In  feet.  The  following  expressions  define  the  tabulated  errors: 


Ou  i/^L0NG  +  ^LAT  +^ALT  ,  user  error  at  the  end  of  tho  24-bour 

observation 


0  1(J ,  0L  O  0  ,  satellite  ephemeris  error  at  the  end 

*  ’  1  2  3  of  the  24-hour,  observation  span 


Summary  of  Effects  of  Alternate  Station 
Configurations 


<?u 


The  purpose  of  these  runs  was  to  determine  the  relative  differences  in 
user  accuracies  among  the  various  station  configurations.  Therefore,  the 
same  assumptions  were  made  for  each  station  configuration  in  order  to  obtain 
a  valid  comparison.  As  indicated  in  Table  1,  the  SCF  and  NAG  networks  provided 
better  user  accuracies  as  compared  to  the  NWL  and  SAC  networks.  Further 
discussion  of  the  differences  is  given  at  the  end  of  this  memo. 


SCF 

SAC 

NAG 

NWL 

16.8 

20.9 

15.8 

20.9 

66.3 

82.9 

69.4 

79.6 

TABLE  1 
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Assumptions 

Although  Che  following  assumptions  reflect  old  Initial  conditions,  parameters 
and  sigmas,  the  overall  comparison  of  accuracies  and  their  respective  differences 
was  o.  prime  concern  since  the  assumptions  remained  unchanged  for  each  station 
configuration. 

1.  Orbit  Configuration  (Theta) 

2x2  system  with  .the  following  elements  for  vehicle  #1: 

Semi-major  axis,  a  -  87,304,082  ft.  Rt  Ascen,  -  165° 

Eccentricity,  e  *•  .0001  Argument  of  Perigee,  W  ^  C 
Inclination,  i  -  63°  M  -  70° 

The  remaining  vehicles  differ  in  mean  anomaly  and  right  ascenslca 
only  as  indicated  below. 


Vehicle  2 


Vehicle  3 


Vehicle  4 


Right  Ascension  165  45  4 

Mean  Anomaly  119°  85°  12 

Tracking  Networks 

Four  station  groups  were  used  to  gather  the  tracking  data. 

Configuration  1  SCF 

Station  LAT  LONG  HT 


DOS  42.95 
HOT.  21.56 
K0D  51.60 
VTS  34.83 

Configuration  2  SAC 


288.37  0 

144.86  0 

207.82  0 

239.50  0  (Master) 


Station 


47.58  242.33  0 

44.82  293.05  0 

41.33  264.00  0  (Master) 
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Configuration  3 

NAG 

Station 

LAT 

LONG 

NT 

HUL 

21.56 

201.76 

0 

MIN 

44.75 

266.83 

0 

LOR 

44.82 

293.05 

0 

MUG 

34.08 

240.83 

0 

(Master) 

Configuration  4 

NHL 

Station 

IAT 

LONG 

HT 

SAM 

-14.28 

1P9.30 

0 

YUM 

32.58 

245 .33 

0 

RIC 

25.50 

279.50 

0 

VIR 

38.50 

283.78 

0 

(Master) 

For  each  of  the  four  configurations  a  user  location  was  designated. 
A  site  at  Holloman  was  chosen  with  Lat  33.00,  Long  254.00  and  Ht  0. 

3.  Measurement  Type 

Range  data  with  a  standard  deviation  of  10  feet  for  random  errors 
was  assumed.  All  standard  deviations  were  the  same  for  each 
configuration. 

4.  Observation  Span  and  Data  Rate 

A  24  hour  observation  span  with  an  interval  between  observation 
sets  (one  measurement  from  each  tracker  to  each  satellite)  of 
1/2  hour  was  chosen.  The  user  took  observation  data  upon  the  ead 
of  the  24  hour  observation  span  and  one  hour  after  the  observation 

span. 

5.  Parameters  Considered  In  Error 


A  total  of  73  parameters  were  considered  for  each  of  the  four 
runs.  All  parameters  were  designated  as  P-parameters .  Certain 
assumptions  were  made  for  the  user  and  master  station  uncertainties 
as  shown  below. 


Stations 


Monitor 


Deviation 


Master  Deviation 


Longitude 
Latitude 
Altitude 
Range  Bias 
RB  Drift  Rate 


11  ft 

Latitude 

11  ft 

11  ft 

Altitude 

20  ft 

20  ft 

10  ft 

Range  Bias 

10  ft 

.0003  ft/aec 
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User 

Deviation 

Long 

10000  deg 

Lat 

10000  deg 

Alt 

10000  ft 

Discussion 


In  general,  the  SCP  and  NAG  configurations  provided  better  user  accuracies 
and  satellite  positional  errors  than  did  the  SAC  and  NWL  networks.  The 
SAC  configuration  contained  only  two  mlnitor  stations,  thus  coverage  was 
not  as  comprehensive  nor  distributed  as  well  as  the  other  networks.  SAC 
provided  no  coverage  by  a  monitor  station  out  in  the  Pacific  ocean,  whereas 
the  other  configurations  included  either  HUL  (Hawaii)  or  SAM  (American  Samoa) . 
Although  NWL  included  a  monitor  station  in  the  Pacific,  the  west  and  northwest 
areas  of  CONUS  were  void  of  a  monitor  station.  Note  that  the  SCF  and  NAG 
configurations  Lad  their  respective  monitor  stations  located  in  the  same 
general  geographical  area.  Therefore,  the  SCF  and  NAG  networks  provided  similar 
user  accuracies  since  the  relative  distribution  of  coverage  over  CONUS  md 
the  Pacific  (HUL)  was  comparable. 


As  indicated  in  the  assumptions,  the  Theta  orbit  was  designated  for  each  cozm  itev 
run.  The  improved  GDOP  and  elimination  of  the  spike  encountered  with  the  Delta 
orbit  used  in  previous  runs  resulted  in  increased  user  accuracies.  Table  7. 
compares  user  accuracies  with  similar  runs  that  utilized  the  Delta  orbit. 


HOL  Long 
(ft) 

Lat 

(ft) 

Alt 


Comparison  of  User  Accuracies 


with  the  Delta  Orbit  and  Theta  Orbit 


SCF 

Delta 

SCF 

Theta 

NAG 

Delta 

NAG 

Theta 

40.2 

4.4 

37.2 

4.3 

10.5 

9.4 

9.3 

9.0 

30’2 

13.2 

27,9 

12.3 

TABLE  2 
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Satellite  Positional  Error 


SCF  (ft) 


SAC  (ft) 


NAG  (ft) 


NWL  (ft) 


Vehicle 

At  End  of 

1  Hour  After 

Ob  a.  Span 

0b a.  Span 

1 

62.51 

66.11 

2 

69.64 

75.47 

3 

66.39 

70.43 

4 

66.85 

72.02 

1 

77.43 

85.43 

2 

91.83 

102.87 

3 

84.07 

90.85 

4 

78.95 

87.52 

1 

64.06 

68.65 

2 

75.27 

81.96 

3 

69.23 

73.66 

4 

69.45 

75.40 

1 

70.02 

75.93 

2 

76.24 

80.37 

3 

99.07 

107.28 

4 

75.80 

82.69 

TABLE  4 
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A.  R.  Miller 


SUBJECT:  Effects  of  Expanded  Observation  Spans  and  Relocation  of 

Pacific  Monitor  Station 


This  nemo  discusses  the  effects  on  the  user  solution  by  utilizing  a  48  hour 
observatlon  span  as  opposed  to  a  24  hour  observation  span,  and  also  by  replacing 
the  Hawaii  monitor  station  with  a  station  located  at  Guam.  The  covariance 
analysis  mode  of  the  TRACE  program  was  run  for  each  case. 

Table  1  sumnarlzes  the  results  found  by  comparing  usnr  positional  accuracies 
and  satellite  positional  errors.  The  values  obtained  for  the  table  are  defined 

below. 


aio^g  +  aiat  +  °alt 


°1  •  °2  •  °3  '  *4 


one  hour  after  start  of  test 
over  Holloman 

one  hour  after  start  of  test 
over  Holloman 


The  user  positional  errors  are  represented  by  Glong,  ^lat  and  Oalt,  and  the 
satellite  positional  errors  by  O^,  0^,  (7^. 

The  table  Indicates  that  the  user  accuracies  were  improved  by  approximately 
a  factor  of  2  by  replacing  the  monitor  station  located  at  Hawaii  with  one 
located  farther  out  in  the  Pacific  on  Guam.  The  utilization  of  48  hours 
of  observation  data  as  opposed  to  24  hours  of  observation  data  Increased 
user  accuracies  by  approximately  a  factor  of  4.  There  was  substantial 
Improvement  of  satellite  positional  errors  with  48  hours  of  observation  data, 
and  also  from  replacing  the  HUL  monitor  station  with  the  GUM  monitor  station. 

Sumnary  of  Results 


24  hr s  of  Ob  a 

24  hr 8  of  Obs 

48  hrs  of  Obs 

(HUL  In  network) 

(GUM  in  network) 

(HUL  in  network) 

95.7 

45.3 

20.8 

84.1 

60.9 

41.7 

TABU  1 
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Assumptions 

Tha  latest  ephemeris  error  analysis  baseline  was  used  in  this  effort. 

1)  Orbit  Configuration  (Sigma) 

2x2  system  with  following  elements  for  vehicle  #1: 

Semi  major  axis,  a  “  87,145,102  ft  Rt.  Ascen.,  "195° 

Eccentricity,  e  ■  .0001  Argument  of  Perigee,  w  ■  0 
Inclination,  1-63°  M  -  41°  CPAW  -  10“9 

The  other  vehicles  differed  In  mean  anomaly  and  right  ascension  of  node 
as  shown  below. 


Veh  2 

Veh  3 

Veh  4 

Rt.  Ascen. 

195° 

75° 

75° 

Mn.  Anom. 

81° 

64° 

124° 

Tracking  Network 

The  SCF  Configuration 

Station 

Lat 

Long  Ht 

BOS 

42.95 

288.37  0. 

ROD 

51.60 

207.82  0. 

HUL 

21.56 

201.76  0. 

VTS 

34.83 

239.50  0. 

(Mastc 

GUM  with  Let  13.62,  Long  144.86,  and  Ht  0.  was  substituted  for  HUL  In  the 
SCF  configuration. 

For  each  of  the  computer  runs  a  user  locations  was  designated.  A  site 
at  Holloman  was  chosen  with  Lat  33.00,  Long  254.00  and  Ht  0. 

3)  Observation  Span  and  Data  Rata 

A  24  hour  observation  span  with  an  interval  between  observation  sets  of 

15  min  was  used  with  the  SCF  configuration  and  with  the  configuration 

which  included  the  GUM  monitor  station.  A  computer  run  was  also  made 

with  a  48  hour  observation  span  at  15  min  Intervals  for  the  SCF  configuration. 

The  observation  stop  time  was  two  hours  prior  to  start  of  test  over 

Holloman;  the  user  observation  data  was  taken  one  hour  after  start  of 

test  over  Holloman. 
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4}  Measurement  Type 

Range  data  with  a  standard  deviation  of  5  feet  for  random  errors  was 
assumed . 

5)  Parameters  Considered  In  Error 

The  latest  baseline  P  and  Q  parameters  and  associated  sigmas  were  used. 
The  station  location  errors  are  shown  below. 


Monitor 

Type 

Deviation 

Master 

Type 

Deviation 

Longitude 

Q 

10  ft 

Latitude 

Q 

10  ft 

Latitude 

q 

10  ft 

Altitude 

Q 

10  ft 

Altitude 

Q 

10  ft 

Range  Bias 

P 

50  ft 

RB  Drift 

P 

.0003  ft/sec 

Rate 

.  i 

_  User 

Deviation 

Long 

p 

10000.  deg 

.  i 

Lat'. 

p 

10000.  deg 

Alt 

p 

10000,  ft 

RBIA 

p 

10000.  ft 

.  i 

Two  terms  for  the  gravity  model  errors  • 

were  Included  as  Q  parameters 

1 

as  shown  below. 

.  i 

Term 

Sigma 

J2,2 

.05  x  10‘6 

•  ‘ 

J3,2 

.02  x  10-6 

• 

i 

The  solution  state  vector 

included  the 

station  monitor  clocks  (RBIA,  RBD) 

A 

and  the  following  P-parameters. 

Parameter a 

Sigma 

•I 

Orbit  elements  (FG  set) 

AF,  AC 

1  x  10"^  radians 

.1 

N 

1  x  10-8  deg/sec 

-* 

1 

L 

.3 

1  x  10  degrees 

i 

CHI  PSZ 

1  x  10"8  radians 

CPAV 

15X 

i 

Satellite  Clocks 

Offset  (VSB) 

100  ft 

] 

Drift  Rate  (VSBD) 

.0006  ft/sec 

*9 
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Discussion 


The  increased  accuracy  obtained  by  using  a  48  hour  observation  span  as 
opposed  to  a  24  hour  observation  span  as  indicated  before  was  of  a  magnitude 
of  four  times  greater.  High  uncertainties  were  found  among  user  solution 
parameters  and  monitor  station  location  parameters  in  the  DHTQ-aigma  (Q) 
matrix  for  24  hours  of  observations.  The  errors  associated  with  HOL  Alt, 
and  KCD  Alt  and  KOD  Long  were  14  ft  and  50  ft  respectively;  with  HOL  RBIA 
and  the  same  KOD  parameters  the  errors  were  4.2  ft  and  23.1  ft.  The  uncertain¬ 
ties  were  greatly  reduced  with  a  48  hour  observation  span.  The  errors  associated 
with  HOL  Alt,  and  KQD  Alt  and  KOD  Long  were  only  .7  ft  and  1.8  ft;  with  HOL 
RBIA  and  the  same  KOD  parameters  the  errors  were  .4  ft  and  1.5  ft. 

The  expanded  observation  span  decreased  the  satellite  positional  errors  by 
a  factor  of  two.  The  values  are  compared  in  Table  3. 

By  replacing  the  HUL  monitor  station  with  a  station  at  Guam,  the  user  errors 
were  decreased  by  approximately  a  factor  of  two.  The  GUM  monitor  station 
provided  better  distribution  of  satellite  coverage  for  the  station  configuration. 
The  observation  data  Indicated  that  the  configuration  with  HUL  as  a  station 
did  not  have  satellite  3  in  view  for  approximately  8  hours  prior  to  the  end 
of  the  observation  span.  The  better  coverage  was  also  reflected  in  the  reduction 
of  satellite  positional  errors.  For  example,  the  positional  error  for  vehicle 
#3  was  106  ft  with  HUL  as  a  monitor  station  and  only  51  ft  with  GUM  as  a 
monitor  station. 

Tables  2  and  3  list  the  results'. obtained  on  user  accuracies  and  satellite 
positional  errors.  Table  4  lists  the  errors  associated  with  the  satellite 
clock  offset  (VS8). 

ttnh 
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®long  (ft) 
°lat  (ft) 
^lt  (ft) 
°KBJA  (ft) 


TABLE  2 


Satellite  Positional  Errors 


24  hrs  of  Oba. 
(HUL  in  network} 


Veh  #1  (ft) 
Veh  #2  (ft) 
Veh  #3  (ft) 
Veh  #4  (ft) 


24  hrs  of  Obs. 

48  hrs  of  Obs. 

(GUM  in  network) 

(HUL  in  network) 

64.3 

37.0 

64.1 

42.6 

51.0 

40.4 

65.6 

47.3  1 

TABUS  3 


Satellite  Clock  Offset  Errors 


24  hrs  of  Obs. 
(HUL  in  network) 


24  hrs  of  (As. 
'GUM  in  network) 


REPORT  C  2 


ORBIT  CONFIGURATION  SELECTION 


REPORT  C  2 

ORBIT  CONFIGURATION  SELECTION 


TABLE  OF  CONTENTS 

PAGE 

1.0  Scope  2-1 

1.1  Baseline  Orbit  Configuration  Sunmary  2-1 

1.2  Mission  Requirements  2-26 

1.2.1  Phase  I  Special  Requirements  2-26 

1.2.2  Phase  II -A  Special  Requirements  2-26 

1.2.3  Phase  II-B  Special  Requirements  2-27 

1.2.4  Phase  III  Special  Requirements  2-27 

2.0  Phase  I  Studies  2-27 

2.1  Study  Approach  2-27 

2.2  Generation  of  Orbit  Candidates  2-29 

2.3  GDOP  -  Test  Time  Selection  at  WSMR  2-29 

2.4  Upload  Requirements  2-37 

2.5  Elevation  Angle  and  Scationkeeping  2-42 

2.5.1  Elevation  Analg  Error  Analysis  2-42 

2.5.2  Stationkeeping  2-45 

2.6  Orbit  Elavuation  Matrix  2-48 

3.0  Phase  II  Studies  2-51 

3.1  Phase  II -A  2-52 

3.2  Phase  II-B  2-59 

4.0  Phase  III  2-61 

Appendix  A  ---  Definition  of  Terms  2-68 

Appendix  B  ---  Equivalent  Orbit  Configurations  2-70 

Appendix  C  —  Fuel  Costs  for  Orbital  Maneuvers  2-73 

Appendix  D  —  Elevation  Angle  Probability  2-79 

Distribution 


.  i 


.1 

i 

J 


.1 


»  j 


< 


J 

I 


2-ii 


I 

] 


FIGURE 


REPORT  C  2 

ORBIT  CONFIGURATION  SELECTION 

LIST  OF  FIGURES 


Phase  I  Baseline  Configuration  SIGMA  Orbit  Ground  Tracks 
SIGMA  GDOP  vs  Time 

Azimuth  and  Elevation  of  SIGMA  Configuration  from  WSMR 
Time-in-View  Bargraphs  (SIGMA) 

Time-in-View  Bargraphs  (0MEGA-2A) 

Time-in-View  Bargraphs  (0MEGA-2A) 

Time-in-View  Bargraphs  (OMEGA- 2A) 

Time-in-View  Bargraphs  (GAMMA-2B) 

Time-in-View  Bargraphs  (GAMMA-2B) 

Time-in-View  Bargraphs 
Time-in-View  Bargraphs 
Time-in-View  Bargraphs 

Best  Configuration  Boundary  (Solid  Curve) 

Satellite  Ground  Track  for  THETA  Configuration 
Satellite  Ground  Track  for  SIGMA  Configuration 
Satellite  Ground  Track  for  ZETA  Configuration 
Satellite  Ground  Track  for  EPSILON  (4)  Configuration 
Satellite  Ground  Track  for  DELTA  (5)  Configuration 
GDOP  History  over  WSMR  (Phase  I) 

Average  GDOP  vs  Time 

Elevation  GDOP  History  over  Holoman 

Eccentric  Anomaly  Error  Bounds  for  THETA  Configuration 

+  6°  Eccentric  Anomaly  Error  Bounds  for  Candidate  Orbital  Con. 

Phase  II  Satellite  Selection  Approach 

GDOP  vs  Test  Time  Over  Holoman  for  T’hase  II -A  (IIA-1) 

GDOP  vs  Test  Time  over  Holoman  for  Phase  II -A  (IIA-2) 

GDOP  vs  Test  Time  over  Holoman  for  Phase  II-A  (IIA-3) 

GDOP  vs  Test  Time  over  Holoman  for  Phase  II-A  (IIA-4) 

World  Visibility  Contours 

GDOP  and  Viewtime  Histogram  over  Holoman 


2-iii 


L3.ST  OF  FIGURES  (continued) 


FIGURE 


Equivalent  Satellite  Configuration 

Velocity  Increment  to  Eccentric  Anomaly  Drift  Nomogram 
Velocity  Increment  to  Eccentric  Anomaly  Drift  Nomogram 
Fuel  Cost  for  Anomaly  Shift  Maneuver  on  GPS 
Monitor  Station  Elevation  Angle  Probability  Distribution 
User/Satellite  Elevation  Angle  Probability  Distribution 


•vwwmiMiiwiwi* 


REPORT  C  2 

CR3IT  CONFIGURATION  SELECTION 

LIST  OF  TABLES 


TABLE  PAGE 


1  Phase  I  -  Baseline  Configuration  SIGMA  2-2 

le  Set  Time  After  End  of  Test  at  WSMR  2-8 

2  Phase  IIA  -  Baseline  Configuration  0MEGA-2A  2-10 

3  Phase  IIB  -  Baseline  Configuration  GAMMA-2B  2-15 

4  Phase  III  Baseline  Configuration  2-22 

5  Orbit  Configuration  Performance  2-36 

6  Orbit  Parameters  of  Candidate  Configuration  2-38 

7  Number  of  Visible  Satellites  (SIGMA)  2-39 

8  Number  of  Visible  Satellites  (THETA)  2-40 

9  Number  of  Visible  Satellites  (ZEIA)  2-41 

10  Characteristics  of  Candidate  Orbits  2-49 

11  Orbit  Evaluation  Matrix  2-50 

12  Phase  IIB  Candidate  Configurations  2-60 

13  4  Satellite  Coverage  2-63 

14  Time  N  or  More  Satellites  are  in  View  2-66 


»'*■’  r *^W'W^,f5?»’»W!' W'R •'«■ 1 W-*  ’'’■  "-ffi*1'  ^ 


W.IWIHM*1  *•'*•■*•' 


PH  I  LCD 


Phllco-Ford  Corporation 
Western  Development  Laboratories  Division 


1.0 


SCOPE 


The  objective  of  this  trade  study  is  to  determine  the  optimum  orbit  for  each 
of  the  GPS  phases.  Factors  considered  during  Phase  I  are  GDOP  and  time-in- 
view  at  White  Sands  Missile  Range  (WSMR)  Satellite  Elevation  angle,  station 
keeping  requirements  and  Upload  Time  provided.  Factors  considered  during  Phase 
IIA  are  GDOP  and  continuous  time  in  view  of  4  satellites  at  WSMR.  Phase  IIB 
considered  the  requirement  to  provide  2  satellites  coverage  worldwide.  Phase 
III,  the  operational  phase,  finally  requires  4  useable  satellites  on  a  global 
basis . 


1.1 


BASELINE  ORBIT  CONFIGURATION  SUMMARY 


Phase  I  Baseline.  The  orbital  parameters  of  the  selected  Phase  I  baseline 
orbit  configuration,  SIGMA,  are  listed  in  Table  1.  This  configuration  pro¬ 
vides  a  test  time  at  White  Sands  Missile  Range  (WSMR)  of  2  hours  25  minutes 
with  an  average  GDOP  of  4.2.  The  maximum  GDOP  during  the  test  period  is  less 
than  7  and  the  trailing  satellite  is  in  view  of  the  Vandenburg  Upload  Station 
19  minutes  before  the  test  period  begins.  The  ground  track  of  this  orbit  is 
shown  in  Figure  1  and  the  variation  of  GDOP  during  the  test  period  is  shown  in 
Figure  2.  A  pclar  plot  of  the  azimuth  and  elevation  angles  of  the  four  satel¬ 
lites  from  WSMR  is  shown  in  Figure  3.  The  time-in-view  bargraphs  for  this 
configuration  are  shown  in  Figure  4  for  the  17  station  locations  considered 
in  the  Control  Segment  Configuration  Study,  Report  Cl. 


It  may  be  noted  that  the  longitudes  of  the  Ascending  Node  and  Eccentric 
Anomalies  listed  in  Table  1  are  different  than  those  cited  elsewhere  for  the 
baseline  SIGMA  orbit.  The  values  shown  have  been  altered  from  those  previously 
given  in  order  to  enable  a  direct  comparison  of  the  Phase  I  and  Phase  IIA 
vehicles.  The  orbits  are  equivalent  (see  Appendix  B)  and  the  only  impact  is  a 
shift  in  absolute  epoch  time. 
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TABLE  1 

PHASE  I  -  TASELINE  CONFIGURATION 

(SIGM) 


SATELLITE 

NUMBER 

ARG.  07 
PERIGEE 

ECCENTRIC 

ANOMALY 

ECCEN¬ 

TRICITY 

INCLINA¬ 

TION 

LONG.  OF 

ASCENDING 

NODE 

SEMI 

MAJOR 

AXIS 

1 

0 

191 

0 

63 

120 

14341.5 

2 

0 

231 

0 

63 

l  20 

14341.5 

3* 

0 

214 

0 

63 

O 

14341.5 

4 

0 

274 

0 

63 

O 

14341.5 

T**t  time  over  VS  HI 
View  time 

Average  COOP  during  teat 
Minimum  COOP 
Tolerance* 

Eccentric  Anomally 
Inclination 
Aacendlng  Node 
Semimajor  Axl* 

Station  keeping  requirement 
All  elevation  angle*  above  IS 


145  minutes 
145  minute* 
4.16 
3.8 

+  6° 

+  2° 

+  2° 

+  .1  n.ml. 

~  1  ft/*ec/yr. 

deg.  75  minute*. 


t  Trailing  NTS-II  Satellite 


FIGURE  2  SIGMA 
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The  results  of  this  trade  study  and  the  baseline  orbit  selection  have  an 
effect  upon  the  NTS  space  vehicle  contractor.  Paragraph  3,2.1  of  Appendix  IV 
to  DNSDP-SVR-101  states  the  following: 

NTS  -  The  NTS  will  be  the  trailing  satellite  of  the  constellation. 

It  will  transmit  the  PRN  navigation  signal  until  the  lead 
satellite  is  5°  below  the  horizon  at  the  test  site,  at  which 
time  it  will  be  switched  to  transmit  the  STR  navigation 
signal.  The  PRN  navigation  assembly  will  be  reactivated 
over  Guam  or  Hawaii. 

Table  1A  below  lists  the  set  times  for  each  of  the  four  Phase  I  satellites  at 
White  Sands  Missile  Range  (WSMR)  and  Hawaii. 


TABLE  1A 


It  can  be  seen  that  the  selection  of  NTS  satellite  is  dependent  upon  where 
the  sidetone  ranging  tests  will  be  conducted.  If  the  tests  are  in  the  Pacific, 
the  NTS  should  be  satellite  number  3,  while  testing  at  WSMR  is  optimally 
accomplished  with  satellite  number  1. 
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Phase  IIA  Baseline 
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The  orbital  characteristics  of  the  selected  Phase  IIA  baseline  configuration, 
0MEGA-2A  are  given  in  Table  2.  This  orbit  is  designed  to  provide  a  lengthy 
continuous  time-in-view  of  four  satellites  at  WSMR  without  GDOP  spikes  or  gaps 
Figures  5,  6  and  7  show  the  time-in-view  bargraphs  of  the  9  satellites  for 
Vandenberg  (VTS),  Elmendorf /Kodiak  (KOD)  ,  and  WSMR/Holoman  (HOL)  . 
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TABLE  2 

PHASE  II-A  -  BASELINE  CONFIGURATION 

(OMEGA -2A) 


SATELLITE  ARC.  OF  ECCENTRIC  ECCEN- 

NUMBER  PERIGEE  ANOMALY  TRICITY 


LONG.  OF  SEMI  MANEUV1 

INCLINA-  ASCENDING  MAJOR  FUEL 


Test  time  over  w  S  M  R 
Minimum  GDOP 
Average  GDOP 
Maximum  GDOP 
Station  keeping 

All  elevation  angles  above  15° 


7  hours,  45  minutes. 

3 

4 
12 

~  1  ft/sec. /yr. 

3  hr.  45  minutes 
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FIGURE  5  TIME-IN-VIEW  JJAXOSAPHS 

ORBIT  CONFIGURATION-  OMEGV-2A 
SATELLITE  VIEW  PERIODS  AT  VTS 
ELEVATION  ANGLE  GREATER  THAN:  5  DEG 


TIME  AFTER  EPOCH  (HOURS) 


STAT 

SAT 

0  2 

4  6  R 

1ft  12  14  16  1R  2ft  22  24 

VTS 

1 

•  •  •  i 

: 

• 

saasBEBaassaesss 

VTS 

2 

: 

: 

:CS8SSBBS3BB8T'SB 

VI  b 

VTS 

J 

14 

: 

============== 

VTS 

15 

• 

• 

unease 

============ 

VTb 

VTS 

VTS 

16 

20 

21 

X 

X 

& 

XXSX===E  =  B=K  ===  =  =  =  = 

X 

V I  b 

• 

t  .  :  , 

•  •  • 

• 

•  ••••  •  •  • 

i 

A 


START-0*7  -TEST 
AT  HOL 

TABLE  OF  VIEW  PERIODS  (HOURS  AFTER  EPOCH) 


STAT 

SAT 

RISE 

SET 

RISE 

SET 

RISE 

SET 

TOT 

IN 

TOT 

OUT 

MAX  OUT 
SEGMENT 

VTS 

1 

11.60 

19.08 

.nn 

.no 

.Oft 

.no 

7.4R 

16.52 

16.517 

VTS 

2 

9.43 

17.05 

.no 

.no 

.00 

.on 

7.62 

16. 3R 

16.383 

VTS 

3 

7.65 

14.45 

.no 

.on 

.00 

.nn 

6.R0 

17.20 

1.3.200 

VTS 

14 

15.08 

21.50 

.on 

.nn 

.00 

.no 

6.42 

17. 5R 

13.583 

VTS 

15 

5.97 

8.62 

13.63 

15.1ft 

.00 

.on 

fl.12 

15. RR 

10. R67 

VTS 

16 

4. OR 

8. OR 

12.47 

17. OR 

.00 

.on 

R.  62 

15. 3R 

11.000 

VTS 

20 

9. 48 

14.73 

19.52 

22.57 

.00 

.00 

R .  30 

15.70 

10.017 

VTS 

21 

7.22 

13.35 

19.38 

20.50 

.00 

.on 

7.25 

16.75 

10.717 

VTS 

22 

4.4R 
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Phase  TIB  Baseline 

The  orbital  characteristics  of  the  selected  Phase  IIB  baseline  configuration, 
GAMMA-2B,  is  shown  in  Table  3.  This  configuration  provides  continuous  global 
coverage  by  at  least  two  satellites  and  approximately  14  hours  per  day  coverage 
by  3  satellites  at  those  locations  at  30°N  and  30°S  latitude  locations  (see 
Section  4.0).  Exact  time-in-view  data  for  upload  stations  at  \fandenberg  (VTS) 
and  Elmendorf /Kodiak  (KCD)  is  given  in  Figures  8  and  9,  respectively.  Time- 
in-view  bargraphs  for  all  locations  considered  are  given  in  Figure  10. 
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0 
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The  orbital  characteristics  of  the  selected  Phase  III  baseline  configuration, 
OMEGA,  is  shown  in  Table  4.  This  3x8  configuration  provides  continuous 
world  wide  4  satellite  coverage.  Time-in-view  bargraphs  for  two  candidate  upload 
stations  are  given  in  Figures  11  and  12. 


Detailed  time-in-view  data  for  all  locations  and  all  baseline  orbit  configurations 
is  contained  in  the  following  document: 


'ime-In-View  Bargraphs  for  Baseline  Orbits 
Philco-Ford  Tech  Memo  GPS-TM-005 
28  January  1974 
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1.2  Mission  Requirements 

Orbital  configurations  for  GPS  are  selected  to  minimize  the  position  determination  error  an 
error  and  be  compatible  with  ground  equipment,  launch,  and  satellite  design. 

Constraints  applying  to  all  phases  of  GPS  are  listed  below: 
o  120°  satellite  plane  reparation 

o  63°  inclination 

o  12  hour  earth  synchronous  orbit,  14341.52  run  semimajor  axis 
o  VAFB  Launch 

o  Minimum  stationkeeping  -  no  plane  changes 

o  Useful  coverage  based  on  greater  than  5  deg.  elevation  angle  mask 
1.2.1  Phase  1  -  Special  Requirements 

Phase  I  is  a  four  satellite  test  system  designed  to  demonstrate  optimum  performance 
capabilities.  Orbits  are  selected  to  give: 

o  At  least  2  hours  of  continuous  per  day  test  time  over  WSMR 
o  GDO?  less  than  10  during  test  time 

o  10  minutes  upload  time  per  satellite  irmediately  prior  to  test  time 
o  High  elevation  angles 

o  2x2  orbital  configurations 


1.2.2  Phase  II -A  -  Special  Requirements 


o  3x3  orbit  configuration 
o  8  hours  of  continuous  test  time  at  WSMR 
o  GDOP  less  than  10 
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Phase  II -B  Requirements 

o  Global  2  satellite  coverage 

o  Minimize  orbit  maneuvers 

o  3x3  Orbit  Configuration 

1.2.4  Phase  III  Requirements 

o  3x8  configuration 

o  Global  4  satellite  coverage 

2.0  PHASE  I  STUDIES 

This  section  outlines  the  program  developed  for  the  generation  and  selection 
of  the  GPS  Phase  I  baseline  orbit  configuration  suggested  in  Part  I. 

2.1  Study  Approach 

The  candidate  orbital  parameters  were  analyzed  with  a  timeshare  program 
which  calculates  viewtime,  test  time  avid  average  GDOP  from  WSMR  for  a  24  hour 
period.  Small  parameter  perturbations  were  introduced  which  gave  rise  to 
more  candidates  which  were  again  computer  analyzed.  In  all,  approximately 
100  orbital  configurations  were  examined. 

The  GDOP  aid  test  time  performance  figures  were  plotted  on  a  graph  (Figure  13) 
and  a  best  configuration  boundary  was  defined  as  the  subset  of  all  orbital 
configurations  which  gave  the  lowest  GDOP  and  largest  test  time  combinations. 

Of  these,  six  representative  candidates  were  chosen  for  further  processing. 

A  detailed  history  of  GDOP  versus  time  at  WSMR  was  generated.  Candidates 
with  GDOP  3pikes  were  eliminated.  Three  candidates  remained.  Visibility 
from  perspective  upload  stations  was  calculated  but  no  candidates  could  be 
eliminated  on  this  basis.  Elevation  angle  effects  were  estimated  for  the 
three  remaining  candidates  and  stationkeeping  requirements  were  estimated. 

The  result  gave  a  clear  advantage  to  configuration  SIGMA.  In  Section  1.1, 

the  original  SIGMA  configuration  was  translated  into  the  equivalent  configuration 

with  ascending  nodes  at  0  and  120  degrees. 


Figure  13  BEST  CONFIGURATION  BOUNDARY 
(Solid  Curve) 
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2  3 

TEST  TIME  (HRS) 
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Figures  14  through  18  show  satellite  ground  tracks  for  candidate  orbits 
THETA  (2)  ,  SIGMA  (2^) ,  ZETA  (3) ,  and  (4)  and  (5) .  The  dots  indicate  a 
typical  instantaneous  position.  The  shaded  region  represents  the  region 
of  visibility  from  WSMR.  Rough  azimuth  and  elevation  information  could  be 
gained  by  optical  examination. 

Figures  17  and  18  show  typical  long  5  hour  view  time  configurations  which 
unfortunately  give  bad  GDOP  spikes  when  the  satellites  reach  orbit  crossing 
points.  By  separating  the  satellite  orbits,  excellent  GDOP  histories  can 
be  achieved,  however,  not  without  sacrificing  time  in  view  and  high  elevation 
angles.  Figure  19  shows  GDOP  versus  time  for  the  candidate  configurations. 

2.3  GDOP  -  Test  Time  Selection  at  WSMR 

View  time,  test  time,  minimum  GDOP  and  average  GDOP  were  calculated  for 
all  configurations  at  the  WSMT.  test  site.  Since,  for  some  orbit  configurat¬ 
ions,  there  is  an  infinite  discontinuity  "3pike"  in  the  GDOP  versus  time 
curve,  care  must  be  taken  in  defining  the  "average"  GDOP.  In  order  to  make 
a  definition  which  is  good  for  all  configurations,  and  which  does  not  go  to 
infinity,  we  have  defined  the  "average"  GDOP  to  be  the  average  over  time 

of  all  values  of  GDOP  less  than  some  cut-cff  value  G  .  In  the  same  manner, 

o 

we  have  defined  "Test-time"  as  that  portion  of  the  viewtime  when  the  orbit 
configuration  produces  values  of  GDOP  less  than  G^.  For  this  analysis,  we 
have  arbitrarily  chosen  Gq  to  be  equal  to  10,  and  have  used  a  5  minute  sampling 
interval  over  our  viewtimes . 

Figure  20  presents  a  plot  of  average  GDOP  versus  test  time  in  an  initial 
attempt  to  analyze  this  relationship.  In  general,  it  appears  that  orbit 
configurations  with  desirable  average  GDOP's  have  short  test  times.  It  is 
speculated  that  a  smooth  'hest-configuration  boundary"  may  exist  for  a  given 
type  of  configuration  (eg,  2x2).  If  this  is  the  case,  a  systematic  variation 
of  orbit  parrmeters  will  locate  the  boundary.  At  this  point,  a  specified 
test  time  duiation  can  be  uniquely  associated  with  an  optimized  GDOP  average. 
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FIGURE  17  Satellite  Ground  Track 
For  EPSILON  (4)  Configuration 
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Six  candidate  orbit  configurations  which  lie  on  our  best  configuration  boundary, 
were  chosen,  named,  and  further  analyzed.  Their  pertinent  performance  parameters 
are  listed  in  Table  5,  and  their  orbit  parameters  are  listed  in  Table  6. 
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The  entire  GDOP  history  over  WSMR  was  calculated  for  each  of  the  above  named 
configurations  and  plotted  in  Figure  19.  We  looked  for  low  flat  GDOP  histories 
(without  spikes)  and  test  times  over  two  hours.  Configurations  ZETA,  SIGMA., 
and  THETA  satisfied  our  criteria.  KAPPA,  though  showing  excellent  GDOP,  was 
eliminated  due  to  its  short  45  minute  test  time. 
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2 .4  Upload  Requirements 

To  examine  the  upload  problem,  a  timeshare  program  originally  developed  to 
investigate  the  ground  station  loading  was  implemented.  Tables  7  through  9 
show  the  number  of  satellites  visible  from  a  ground  station  network  as  a  function 
of  time  for  the  ZETA,  THETA,  and  SIGMA  configurations.  ( 
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The  first  column  shows  the  number  of  satellites  seen  from  WSMR.  Test  period 
begins  when  all  four  satellites  are  in  view;  for  the  ZETA-case  figure  this 
happens  at  30  minutes.  Examination  of  other  columns  show3  that  for  all  three 
configurations  at  lea3t  one  half  hour  is  available  from  any  of  the  four  potential 
upload  locations  (KTS,  VTS,  SPO,  EI*i) ,  to  load  the  fourth  and  last  satellite. 

More  time  is  available  to  load  the  others.  Hence  no  upload  problem  exists  for 
any  of  our  three  candidates . 
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TABLE  7  NUMBER  OF  VISIBLE  SATELLITES 
(SIGMA  CONFIGURATION) 
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2.5  Elevation  Angle  and  Stationkeeping  Selection 


2.5.1  Elevation  Angle  Error  Analysis 


It  is  known  that  errors  in  arrival  time  of  satellite  signals  are  in  part  due 


to  the  uncertainty  of  the  speed  of  light  in  the  troposphere  aid  ionosphere. 


In  the  Navigation  Satellite  Constellation  Study  user  range  measurement  errors 


are  estimated  to  be: 


Class  a 


Class  b 


Troposphere 

Ionosphere 


0.4  Csc  E 


3  Csc  E 


6.9  CscV(10°)2  +  E2 


13.8  Csc 


y[(l0°)  + 


E  =  elevation  angle  of  a  given  satellite. 


The  scale  coefficient  multiplying  the  Csc  E  is  derived  from  detailed  analysis 
of  user  equipment,  and  atmospheric  wave  propagation.  The  geometric  contribution 
is  contained  entirely  in  the  elevation  angle  function.  We  singled  out  the 
elevation  angle  effect  by  calculating 


i  Csc  E. 

i 


is  the  user's  ith  coordinate 


is  the  slant  range  to  the  j  th  satellite 


is  the  elevation  angle  of  the  jth  satellite. 


Navigation  Satellite  Constellation  Study  Final  Report,  Contract  N00-123-63-C- 
0319,  p.  4-7. 
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GDOPg  is  the  sum  of  the  squares  of  the  user  position  error  due  to  a  slant  range 
uncertainty  of  1  ft*Csc  E. 

Figure  21  shows  a  plot  of  GDOP^  history  over  WSMR  for  the  three  remaining 
configurations.  The  expected  upswing  toward  the  beginning  and  end  of  the  test 
period  due  to  low  elevation  angle  is  evident.  Configuration  SIGMA  wa3  chosen 
as  optimum  by  visual  inspection. 

Elevation  angle  probability  distributions  for  4  selected  ground  stations  are 
derived  in  Appendix  D  for  tha  SIGMA  orbit  configuration.  Appendix  D  also  gives 
the  Phase  I  elevation  angle  distribution  during  the  test  period  at  WSMR. 


2.5.2 


Stationkeeping 


Fuel  costs  for  stationkeeping  are  treated  in  Appendix  C.  In  this  section  an 
attempt  has  been  made  to  answer  two  questions.  First, how  large  a  deviation 
between  nominally  assigned  station  and  actual  satellite  position  can  be 
tolerated,  second,  is  there  an  advantage  of  one  configuration  over  another. 

By  calculating  performance  characteristics  of  the  orbital  configurations  for 
small  deviations  in  orbital  parameters  we  were  able  to  conclude  that  initial 
errors  on  the  order  of  +  2°  for  inclination,  eccentric  anomaly  and  ascending 
node  will  not  seriously  degrade  system  performance;  however,  initial  errors 
in  the  semi  major  axis  will  cause  the  satellites  to  drift  with  respect  to  each 
other,  causing  an  error  in  eccentric  anomaly  increasing  linearly  with  time. 

The  effect  of  random  eccentric  anomaly  drift  was  examined  for  SIGMA,  THETA, 
and  ZETA  by  changing  the  anomaly  of  all  satellites  by  +  3,  6,  12  degrees  in  all 
possible  combinations.  This  gives  ?44  configurations  evaluated  in  all.  These 
were  plotted  on  a  test  time  versus  average  GDOP  graph  and  their  boundaries 
drawn.  Figure  22  gives  the  plot  for  the  THETA  configurations. 

As  expected,  performance  degenerates  with  increasing  mean  anomaly  error.  To 
the  first  approximation  the  probability  of  attaining  any  specific  performance 
is  roughly  proportional  to  the  area  defining  that  performance.  For  example, 
the  probability  for  test  time  to  slip  below  1.5  hours  is: 

0%  for  a  +  3°  error 
1%  for  a  +  6°  error 
30%  for  a  +12°  error 

Candidate  configurations  were  compared  by  superimposing  +  6°  error  bounds.  The 
result  is  shown  in  Figure  23.  Configuration  ZETA  shows  a  tendency  toward  bad 
GDOP;  configuration  THETA  toward  low  test  time.  Configuration  SIGMA  has  the 
preferred  error  bounds.  If  mean  anomaly  is  allowed  to  drift  to  +  6°,  configur¬ 
ation  SIGMA  will  degenerate  to  another  configuration  with  a  ~ 90%  probability  of 
GDOP  less  than  five  and  an  80%  probability  of  test  times  above  2  hours. 
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2.6  Orbit  Evaluation  Matrix 

In  an  effort  to  present  the  results  of  our  Hiase  I  study  in  an  easily 
comprehensible  manner,  a  matrix  presentation  allowing  comparison  of  al¬ 
ternative  configurations  has  been  generated. 

Table  10  shows  a  list  of  performance  parameters  upon  which  evaluation 
and  final  configuration  selection  has  been  based.  The  criteria  weight 
column  gives  a  numerical  measure  of  the  relative  importance  placed  upon 
each  of  the  evaluation  criteria. 

Each  of  the  numerical  performance  figures  have  been  converted  into 
evaluation  figures  of  merit  by  a  formula  presented  in  column  two,  Table 
11.  The  formulas  were  chosen  to  compensate  for  differing  units  on  per¬ 
formance  figures  while  maintaining  the  relative  weights.  Comparison  and 
evaluation  of  alternative  configuration  was  thus  reduced  to  finding  the 
highest  evaluation  score  in  Table  11.  The  highest  total  score  of  63  was 
recorded  for  the  SIGMA  configuration  which  was  thus  judged  to  be  the 
best  and  recommended  as  a  baseline. 


TABLE  11  ORBIT  EVALUATION  MATRIX 
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3.0  PHASE  Cl  STUDIES 

Phase  II  is  primarily  an  Initial  Operational  Test  and  Evaluation  (IOT&E)  phase 
which  culminates  in  a  world  wide,  continuous  two-dimensional  navigation  capability 
for  a  limited  group  of  users.  Nine  satt Hites  will  be  deployed  in  orbital 
configurations  which  will  attempt  to  satisfy  the  requirements  listed  In  paragraphs 
1.1.2  and  1.1.3  and  repeated  below. 

Phase  II-A  -  Special  Requirements 

o  3  -x  3  orbit  configurations 

o  8  hours  of  continuous  test  time  at  WSMR 

o  GDOP  less  than  10 


Phase  II -B  -  Requirements 


o  Global  2  satellite  coverage 

o  Minimize  orbit  maneuvers 


Phase  II  studies  have  been  conducted  in  order  to  define  the  orbital  parameters 
which  will  best  meet  these  requirements. 

3 . 1  Phase  II -A 

To  meet  the  GDOP  and  test  time  requirements  at  WSMR,  GDOP  calculations  were 
run  for  a  24  hour  simulation  period  for  each  configuration  considered.  Frequently 
more  than  four  satellites  are  in  view  and  the  actual  GDOP  value  calculated  at  any 
specific  time  depends  upon  which  four  satellites  are  being  used  to  ma'ce  the 
calculation.  Figure  24  shows  the  programmed  algorithm  employed  to  calculate 
GDOP.  The  logic  generates  all  possible  alternative  combinations  of  four 
satellites  visible  at  one  time.  GDOP  is  calculated  for  all  combinations  and 
the  lowest  printed.  Alternative  configurations  were  generated  using  two  methods. 
First  we  examined  typical  Phase  III  configuration  view  times  over  WSMR  (Figure 
31)  and  selected  nine  satellite  subsets  which  would  satisfy  view  time  requirements. 
Our  selection  was  guided  by  the  fact  that  3x1  configurations  generally  give 
low  GDOP. 

Of  the  configurations  generated,  three  are  plotted  and  presented  in  Figures  25 
through  2  7 . 

A  second  method  for  generating  Phase  II  configurations  used  the  existing  Phase 
I  baseline.  Satellites  were  added  one  by  one  until  a  total  number  of  nine  was 
reached.  The  resulting  GDOP  Test  Time  plot  is  shown  in  Figure  28. 

Visual  examination  of  Figures  25  through  28  show  that  two  configurations 
(Figures  26  and  27)  approximately  satisfy  Phase  II -A  requirements.  Both  show 
relatively  flat  GDOP  below  10  for  7  hours  and  45  minutes. 

Elevation  angles  were  briefly  considered  and  it  was  noted  that  low  GDOP  was 
usually  also  associated  with  low  angles.  No  elevation  angle  trade  was  conducted, 
nor  was  the  Csc  E  penalty  incorporated.  Realistic  GDOP  figures  a *e  expected  to 
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be  somewhat  higher  than  those  presented;  however,  no  distinct  disadvantage  to 
either  configuration  (Figures  26  and  27)  was  noted.  User /Satellite  elevation 
angle  probability  distributions  for  Phase  II -A  appear  in  Appendix  D. 

Fuel  requirements  for  shifting  satellites  from  Phase  I  to  Phase  II  stations 
were  calculated  (see  Appendix  C) .  Again  no  advantage  to  either  configuration 
is  obvious. 

Configuration  Figure  26  was  finally  chosen  as  a  baseline  for  Phase  II-A  and 
presented  in  Table  2  of  Section  1.  Since  the  nine  satellites  are  a  subset  of 
the  Phase  III  OMEGA  (3  x  8)  configuration,  the  configuration  was  named  "0MEGA-2A 
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3.2  Phase  II -B  Studies 

D jring  Phase  II -B  nine  orbiting  satellites  will  be  distributed  to  provide 
world  wide  two  satellite  coverage.  To  analyze  alternative  configurations, 
a  timeshare  computer  program  has  been  developed  which  generates  a  world  wide 
satellite  visibility  coverage  map.  The  program  calculates  the  number  of  hours 
per  day  that  X  or  more  satellites  are  visible  from  any  point  on  the  earth. 

We  expected  to  achieve  optimum  two  satellite  coverage  using  highly  synmetric 
3x3  configurations . 

Three  candidate  Phase  II -B  configurations  (Table  12)  have  been  investigated 
for  their  two  satellite  coverage  characteristics.  All  configurations  have  three 
12  hour,  63°  inclination  orbits  with  plane  spacing  of  120  degrees,  and  with 
120°  satellite  separation  within  the  orbit  planes.  The  difference  between 
candidates  is  only  in  the  relative  satellite  phase.  In  Configuration  1,  satellites 
in  each  orbit  plane  cross  the  equator  at  the  same  time.  In  Configuration  2, 
the  satellite  equator  crossings  are  staggered  by  fifteen  degrees.  In  Configuration 
3,  they  are  staggered  by  30  degrees. 

Results  of  two  satellite  coverage  runs  show  that  all  candidates  give  world 
wide  two  satellite  coverage.  It  is  therefore  concluded  that  any  3x3  120° 
symmetric  configuration  is  an  acceptable  Phase  II -B  candidate  if  two  satellite 
coverage  is  the  determining  criteria,  and  Configuration  1  was  chosen  as  a 
baseline.  Since  this  configuration  was  a  subset  of  a  3  x  9  configuration 
designated  "GAMMA",  we  have  named  this  3x3  configuration  "GAMMA-2B". 

The  following  performance  characteristics  of  the  above  chosen  baseline  were 
investigated  in  detail. 

o  Compatibility  with  Phase  II-A,  Phase  III 

o  Three  satellite  coverage 

o  Four  satellite  coverage  and  GDOP 


TABIi:  12  PHASE  II -B  CANDIDATE  CONFIGURATION 


CONFIGURATION  1 


ARGUMENT  ECCENTRIC 
OF  PERI-  ANOMALY 


GEE  nEG. 

0. 


DEG.-* 

0. 

120.0000 

240.0000 

Oc 

1 2v .0000 

240.0000 

0. 

120.0000 

240.0000 


ECCENTRICITY  INCLINATION  ASCENDING  SEMI 

NODE 


DEG. 

63.0000 
63.0000 
63.0000 
63.0000 
63.0000 
63.0000 
63.0000 
63.0000 
63 • 0000 


DEG 

195.0000  14342 
195.0000  14342 
195.0000  14342 
75.0000  14342 
75.0000  14342 
75.0000  14342 
315.0000  14342 
315.0000  14342 
315.0000  14342 


MAJOR 

AXIS 

mi 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 


CONFIGURATION  2 


ARGUMENT 

ECCENTRIC 

ECCENTRICITY 

INCLINATION 

ASCENDING  SEMI  MAJOR1 

OF  PERI¬ 

ANOMALY 

NODE 

AXIS 

GEE  DEG. 

DEG. 

DEG. 

DEG 

NMI 

0. 

0. 

0. 

63.0000 

195.0000 

14342.0000 

0. 

120.0000 

0. 

63.0000 

195.0000 

14342.0000 

0. 

240.0000 

0. 

63.0000 

195.0000 

14342.0000 

0. 

15.0000 

0. 

63.0000 

75.0000 

14342.0000 

0. 

135.0000 

0. 

63.0000 

75.0000 

14342.0000 

0. 

255.0000 

0. 

63.0000 

75.0000 

14342.0000 

0. 

30.0000 

0. 

63.0000 

315.0000 

14342.0000 

0. 

150.0000 

0. 

63.0000 

315.0000 

14342.0000 

0. 

270.0000 

Op 

63.0000 

315.0000 

14342.0000 

CONFIGURATION  3 


ARGUMENT 

ECCENTRIC 

ECCENTRICITY 

INCLINATION 

ASCENDING 

SEMI  MAJOR 

OF  PERI¬ 

ANOMALY 

NODE 

AXIS 

GEE  DEG. 

DEG. 

DEG. 

DEG 

NMI 

0. 

0. 

0. 

63.0000 

195.0000 

14342.0000 

0. 

120.0000 

0. 

63.0000 

195.0000 

14342.0000 

0. 

240.0000 

0. 

63.0000 

195.0000 

14342.0000 

0. 

60.0000 

0. 

63.0000 

75.0000 

14342.0000 

0. 

180.0000 

0. 

63.0000 

75.0000 

14342.0000 

0. 

300.0000 

0. 

63.0000 

75.0000 

14342.0000 

U. 

30.0000 

0. 

63.0000 

315.0000 

14342.0000 

0. 

.r>000 

0. 

.  63.0000 

315.0000 

14342.0000 

0. 

TOOO 

0. 

63.0000 

315. or  DO 

14342.0000 

) 


Figure  29  shows  the  visibility  contours  for  three-satellite  global  coverage. 

Both  the  north  and  soi^h  poles  as  well  as  selected  regions  on  the  equator  see 
three  satellites  forf^+  hours  per  day.  Minimum  14  hr/day  coverage  occurs 
in  regions  spaced  60°£apart  in  longitude,  at  yw  30°  north  and  south  latitude. 

The  coverage  pattern  ^epends  only  upon  the  relative  satellite  symmetry  and 
can  be  shifted  east  oA  west  by  changing  nodes  and/or  anomalies. 

1 

Table  13  shows  the  coverage  for  four  satellites.  Due  to  the  expense  of  generating 
a  total  world  map,  oal^r  one  sixth  of  the  earth  has  been  calculated.  Other 
points  can  be  easily  derived  from  symmetry.  The  pattern  repeats  each  120°  in 
the  southern  hemisphere  and  reflects  into  the  northern  hemisphere  shifted  by 
+  30  longitude.  For  example,  WSMR  (New  Mexico)  is  equivalent  to  a  user  at 
-33  latitude,  104  longitude.  Elevation  angle  distributions  appear  in  Appendix  D. 


A  detailed  GDOP  plot  for  WSMR  as  well  as  a  view  time  histogram  has 
been  included  in  Figure  30.  This  figure  shows  numerous  disjointed  regions  during 
which  four  satellites  are  in  view.  GDOP  numbers  are  all  low;  however,  no  single 
extended  test  period  can  be  expected. 

Fuel  requirements  for  changing  stations  from  Phase  II -A  to  Phase  II-B  have  been 
calculated  according  to  the  procedure  outlined  in  Appendix  C.  The  results  are 
shown  in  column  eight  Table  3  in  Section  1.  Since  the  stations  for  Phase  II-B 
are  a  subset  of  the  final  Phase  III  configuration,  additional  fuel  allocations 
will  be  determined  by  stationkeeping  requirements  only,  and  are  expected  to  add 
an  additional  1  lb  of  hydrazine  per  year  per  satellite  to  the  fuel  budget. 


4.0  PHASE  III 


A  24  satellite  3x8  configuration  designed  to  provide  continuous  four  satellite 
global  coverage  had  been  chosen  as  the  Phase  III  baseline  before  the  initiation 
of  this  study.  This  configuration  ha3  been  named  "OMEGA". 
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FIGURE  29  WORLD  VISIBILITY  CONTOURS 
Number  of  Hours  Per  Day  That  3  Satellites 
Are  Visible 

(Phase  1 1— B  Candidate  Configuration  1  ) 
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Recent  publications^  verify  the  expectation  that  a  24  satellite  configuration 
will  provide  adequate  coverage,  and  Table  14  shows  that  five  or  more  satellites 
are  always  seen  from  a  sample  set  of  ground  stations.  Though  no  GDOP  analysis 
has  been  done,  experience  from  Phase  II -A  would  lead  us  to  expect  low  GDOP 
whenever  coverage  allows  a  selection  of  four  satellite  combinations  out  of 
five  or  more  in  view. 

Figure  31  shows  a  bargraph  of  view  times  over  the  WSMR  test  site.  Subsets  of 
this  configuration  were  chosen  as  candidate  Phase  II  configurations.  Orbital 
parameters  are  presented  in  Table  4  of  Section  1.  User/Satellite  elevation 
angle  probability  distributions  appear  in  Appendix  D. 


^Tirae -in-View  Bargraphs  for  Baseline  Orbits,  W.  T.  Picciano,  Fhilco-Ford 
Technical  Memo  GPS-TM-005,  Jan  28,  1974 


TABLE  14 


TIME  N  OR  MORE  SATELLITES  IN  VIEW 


TADLE  OF  FRACTIONS  OF  A  DAY  THAT  N  OR  MORE  SATELLITES 
ARE  IN  VIEW 


STAT 

11=0 

11=1 

N=2 

11=3 

11=4 

11=5 

11=6 

11=7 

N=  8 

N=9 

11)  10 

SAC 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.823 

.663 

.392 

.045 

LOR 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.885 

.736 

.438 

.063 

SPO 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

1.00 

.868 

.469 

.049 

MIN 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.920 

.771 

.556 

.208 

MUG 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.694 

.604 

.326 

.021 

VIR 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

.93 

.750 

.608 

.285 

.045 

HIC 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.733 

.594 

.333 

.028 

YUM 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.729 

.604 

.344 

.014 

SAM 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.788 

.667 

.326 

.000 

BOS 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

.95 

.840 

.688 

.396 

.139 

GUM 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.806 

.667 

.330 

.007 

HOL 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.726 

.604 

.319 

.017 

HUL 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.740 

.611 

.302 

.017 

IOS 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

1.00 

.889 

.330 

.035 

KOD 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

1.00 

.997 

.712 

.156 

POG 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

•1.00 

.997 

.816 

.160 

VTS 

1.00 

1.00 

1.00 

1.00 

1 

.00 

1.00 

1.00 

.708 

.628 

.354 

.014 
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APPENDIX  A 
DEFINITION  OF  TERMS 


Orbital  Parameters 


Longitude  of  ascending  node 

Inclination  angle  of  tht  orbit  to  the  equatorial  plane 


Orbital  radius 


Argument  of  perigee 


Eccentric  anomaly 


Satellite  position 


USER  TERMS 


2 

=  (r^  -  b)  (User  Equation) 

The  geometric  relationship 
between  user  position,  four 
satellites  and  four  pseudorange 
measurements . 


The  jth  component  of  position  of  the  ith  satellite. 

The  jth  component  of  position  of  the  user. 

The  pseudorange  measurement  from  the  user  to  the  ith 
satellite 

Clock  user  bias 


T 


sura  over 

coordinates  and  satellites 


The  matrix  of  coefficients  derived  by  linearizing 
the  user  equation 
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APPENDIX  B 


EQUIVALENT  ORBIT  CONFIGURATIONS 


Consider  Figure  1  in  Section  1.1  above,  which  shows  a  world  map  with  a  ground 
track  for  a  12  hour  synchronous  orbit.  A  satellite  could  be  located  on  any 
point, A,  of  the  ground  track  making  one  complete  revolution  with  respect  to  the 
earth.  A  second  satellite  A1,  moving  on  the  same  ground  track  would  move 
maintaining  exactly  the  same  geographic  relation  with  respect  to  all  points 
on  the  ground  as  satellite  A.  The  difference  is  only  the  time  at  which  the 
relation  occurs.  Hence  every  measurable  geometric  quantity  like  GDOP, 

elevation  and  azimuth  angle  view  time  are  achievable  by  a  whole  family  of 
satellite  configurations  differing  from  each  other  only  by  a  time  displacement. 


The  relationship  between  two  equivalent  satellite  configurations  can  be  expressed 
mathematically  as: 


15  /hr.  time  =  Node^ 


Anomaly 


30  /hr.  time  =  anomaly' 


longitude  of  ascending  node  of  the  ith  satellite  of 
the  reference  configuration. 


Anomaly 


Eccencric  anomaly  of  the  ith  satellite  of  the  reference 
configuration . 


longitude  of  ascending  node  of  the  ith  satellite  of 
equivalent  configurations. 


Anomaly 


longitude  of  ascending  node  of  the  ith  satellite  of 
equivalent  configurations. 


I 


Time  ■  time  difference  between  two  configurations. 

This  relationship  has  been  graphed  in  Figure  B-l.  Diagonal  lines  represent 
all  node  and  anomaly  combinations  which  are  equivalent.  As  an  example, 
the  four  satellite  configuration,  SIGMA,  from  Phase  I  is  shown  as  small  circles 
along  with  the  equivalent  configuration,  expressed  in  Phase  III  reference 
ascending  nodes,  shown  as  small  x. 

Numerically,  configuration  SIGMA: 

Eccentric  Anomaly  41  81  64  124  Deg 

Ascending  Node  195  195  75  75  Deg 

is  equivalent  to  a  configuration  defined  by: 

Eccentric  Anomaly  214  274  191  231  Deg 

Ascending  Node  0  0  120  120  Deg 

and  a  configuration: 

Eccentric  Anomaly  -26  34  -49  -9  Deg 

Ascending  Node  120  120  240  240.  Deg 


IGMA  PHASE  I  CONFIGURATION 


EQUIVALENT  SIGMA 


EQUIVALENT  SIGMA 


APPENDIX  C 

FUEL  COST  FOR  ORBITAL  MANEUVERS 


The  mission  sequence  for  GPS  may  require  a  change  of  semi -major  axis,  mean 
anomaly,  ascending  node  and/or  inclination.  The  amount  of  fuel  required  for  a 
given  maneuver  can  be  calculated  from  graphs  presented  in  this  appendix 

Changes  in  semi -major  axis  for  circular  orbits  require  two  rocket  firings  along 
the  velocity  vector.  The  first  firing  injects  the  space  vehicle  into  an 
eccentric  transfer  orbit  and  occurs  at  apogee  (perigee).  The  second  firing 
occurs  at  perigee  (apogee)  and  recircularizes  the  orbit.  The  circular  orbit 
velocity  semi -major  axis  relation  is: 


1/2  v2  -  -2L 

r 


where  MG 

r 
V 


Mass  of  Earth x  gravity  constant 
Semi-major  axis 
Orbital  velocity 


the  incremental  relations  are 


derived  by  differentiation  to  give: 


Av 


where 


Ar 


AV  =  velocity  increment 

Ar  =  serai -major  axis  change 


For  14341.5  nm  orbit,  the  value  of  the  quantity  under  the  square  root  is 
0.44  ft  per  second  per  nm,  and  remains  approximately  constant  for  directions 
of  a  hundred  miles. 


In  Figures  C-I  and  C-2  the  lower  left  hand  graph  shows  the  relationship  between 
velocity  increment  and  semi -major  axis  change.  Figure  C-l  is  a  small  scale 
version  of  Figure  C-2,  convenient  for  perturbation  and  fine  orbit  tuning. 


The  converversion  from  required  velocity  increment  to  lbs.  of  fuel  required 
is  given  by: 


M  AV  =  I  W 

sp 


where 


I  =  200  slug  ft/sec  for  Hydrazine 

sp 

M  =  Spacecraft  weight  in  slugs  £*20 

W  -  Fuel  weight  in  lbs. 

Substituting  and  solving  gives: 

AV  =  10W 

So  a  10  ft/sec  change  would  require  1  lb.  of  fuel. 

Corrections  and  reposition  of  the  eccentric  anomaly  usually  requires  a  semi¬ 
major  axis  change,  followed  by  a  drift  period,  followed  by  a  second  semi -major 
axis  change,  to  return  to  the  old  orbit.  The  amount  of  fuel  required  will  depend 
upon  how  rapidly  the  maneuver  is  to  be  executed.  Figures  C-l  and  C-2  are  intended 
to  aid  in  the  calculation. 

Consider  the  following  example:  Satellite  1  Phase  1  has  an  ascending  node  0 
and  anomaly  191  and  is  to  be  moved  to  a  Phase  II  station  at  node  0  and  anomaly 
45.  The  total  maneuver  is  a  correction  146  degrees.  Assume  it  is  to  be  executed 


irtli'iiMiliiiiii-iifii 
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in  one  month.  Entering  Figure  C-2  with  an  eccentric  anomaly  drift  of  146  (dotted 
line),  go  up  to  the  drift  period  line  marked  "1  month."  Cross  over  the  period 
axis  just  under  -5  min/orbit  which  corresponds  to  about  60  nm  change  in  semi¬ 
major  axis.  This  requires  a  velocity  increment  of  30  ft/sec  or  3  lbs.  of  fuel. 
Since  the  axis  change  must  be  carried  out  twice,  the  total  fuel  requirement  is 
6  lbs.  In  practice,  somewhat  more  fuel  is  required  to  correct  thruster  resolution 
and  pointing  uncertainties . 


For  convenience,  the  intermediate  steps  required  to  make  orbital  maneuvers  in 
the  above  mentioned  nomograms  have  been  eliminated  in  Figure  C-3,  where  eccentric 
anomaly  change  is  given  directly  in  terms  of  hydrazine  fuel  costs  for  a  GPS 
satellite.  Figure  C-3  was  used  to  calculate  fuel  costs  presented  in  Section  1.1. 

Fuel  Costs  for  Plane  Changes.  Plane  changes  and  inclination  changes  can  be 
derived  from  Newton's  second  law. 


d l 

dt 


F  x  r 


i  =  orbital  angular  momentum  =  (mvr) 

F  =  Ig  .  W/dt  force  applied  at  spacecraft  perpendicular 

to  orbit  plane 


A  small  angular  change  is: 

Ae  =  F. *  -r. 


dt 


I  W 
_!E _ 


37.3  /rad 


Evaluating  for  I  =  200,  ra  =  20  slug 

sp 


V  =  12,000  ft/sec  gives: 


A0  =  .0475  W 

or  21  lbs.  of  Hydrazine  per  degree.  Clearly  no  plane  changes  can  be  tolerated 
in  GPS. 


2-75 
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Min /Month 


e  Cl  Velocity  Increment  To  Eccentric  Anomaly  Drift  Nomogram 
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APPENDIX  D 

ELEVATION  ANGLE  PROBABILITY  DISTRIBUTIONS 

Elevation  angle  statistics  were  derived  from  TRACE  satellite-pass  output  data. 
Interpolated  elevation  angles  were  sampled  at  5  degree  intervals  to  determine 
the  time  spent  in  each  interval. 

Figure  D-l  shows  the  Phase  I  elevation  angle  probability  distribution  at  four 
selected  ground  stations  (LOR,  HUL,  KOD,  and  MUG)  for  the  SIGMA  satellites.  All 
stations  are  seen  to  experience  a  similar  ele  ation  angle  distribution. 

Figure  D-2  compares  elevation  angle  distributions  during  the  test  period  only 
(at  WSMR)  between  Phase  I,  II -A,  II-B,  and  III  users.  Overall  test  periods 
will  vary  in  length  (as  indicated)  and  the  graph  axis  is  accordingly  presented 
in  percent  of  total  time  for  each  configuration  test  period. 
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III  Users  33°  Let 
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Percent  of  Time  User  Sees  Satellite  with  Elevation  Angle  Less  Than  E 


FIGURE  D-2  User/Satellite  Elevation  Angl 
Probability  Distribution 
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Telecommunications  System  Cost  Analysis 


The  annual  costs  of  various  telecommunications  facilities 
are  examined  in  this  study.  The  ana’ysis  was  directed 
toward  potential  Master  Control  Station  and  Monitor  Station 
sites*  Included  in  the  analysis  are  c^sts  for  dedicated 
lines-i  dial-up  lines-i  WATS  linesn  and  shared  NAG  lines. 

The  analysis  is  composed  of  two  areas.  The  first  area  com¬ 
pares  the  various  telecommunication  links  uith  respect  to 
the  different  potential  line  types-  Within  this  areai  the 
shared  NAG  ij-.es  approach  is  examined  in  further  detail. 

The  second  area  examines  the  dial-up  annual  costs  as  a 
function  of  several  store  and  forward  intervals  of  time. 

Note  that  thia  analysis  is  performed  for  the  NAG  configuration  base¬ 
line  and  is  Included  here  for  completeness  as  well  as  representing 
valuable  data  for  further  such  analyses. 
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Analysis  of  Telecommunication  Links 


The  telecommunications  system  in  this  analysis  includes  a 
Master  Control  Station  CMCSl  located  at  Pt»  Mugu  and 
Monitor  Stations  <M0N>  located  at  Pt-  Mugui  Hawaiii  Alaska! 
and  Maine-  In  addition!  a  Remote  Computer  Facility  CRCF3- 
was  located  at  NWL  in  Virginia-  The  satellite  upload 
function  was  assumed  to  be  contained  within  the  MON  loca¬ 
ted  at  Elmandorfi  Alaska. 

In  this  analysis  the  telecommunication  links  are  separated 
functionally.  Therefore!  each  link  is  analyzed  separately! 
with  the  only  exception  being  the  functionally  identical 
links  to  Hawaii  and  Maine.  The  communication  costs  which 
are  listed  in  the  analysis  are  derived  from  Tables  3-4  through  3-6 

The  types  of  communications  equipment  which  is  required 
for  interconnection  with  the  various  links  is  shown  in 
Figure  3-1.  A  description  of  the  communications  eouinment. 
for  each  link  is  also  included  in  this  section. 


Tables  3-1  through  3-3  present  the  communication  link  analyses  for  Hawaii 
and  Maine,  Elmendorf  and  Virginia. 
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TABLE  3-1  (3  of  3)  COMMUNICATION  LINK  ANALYSIS: 
HAWAII  AND  MAINE  (Cont.) 
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Telecommunications  Equipment 


A.  Dedicated  Low  Speed  -  The  dedicated  low  speed  lines  considered 
in  this  analysis  are  capable  of  providing  ISO  BPS-,  full  duplex 
transmission  or,  a  E-wire  circuit.  The  data  processing  equip¬ 
ment  at  each  end  would  interface  to  tne  modems  via  asynchronous 
communication  adapters.  The  modems  for  this  application  should 
be  Bell  103  type  or  equivalent.  Table  3-4  summarizes  low  speed  costs. 

B-  WATS  or  Dial-Up  -  Communication  on  WATS  and  dial-up  lines  is 
usually  at  E000  BPS-,  half  duplex-,  on  the  E-wire  circuit.  Re¬ 
cent  modem  developments  have  made  it  possible  to  communicate 
at  up  to  MflOO  BPS  on  dial-up  circuits.  A  Bell  S01A  or  equiv¬ 
alent  modem  can  communicate  at  EDQO  BPS  while  a  Bell  EDflB  or 
equivalent  modem  can  communicate  at  MflOO  BPS.  In  each  case-, 
the  modem  can  be  capable  of  auto-answer  or  auto-dial*  As 
shown  in  figure  li  the  auto-dial  can  be  initiated  from  either 
end  of  the  link  with  a  corresponding  auto-answer  modem  at  the 
opposite  end  of  the  lin.^.  The  data  processing  equipment  will 
interface  with  the  modems  via  synchronous  communications 
adapters  which  have  auto-answer  capability.  An  interface  to  a 
Bell  601  A  or  C  auto-calling  unit  must  also  be  provided  for 
auto-dial  lines*  Table  3-5  and  6  summarize  dial  up  and  WnTS  line  costs. 

C.  Dedicated  Voice  Grade  -  The  dedicated  voice  grade  lines  are 
capable  of  up  to  IhOD  BPS-,  full  duplex-,  transmission  on  4-wire 
unconditioned  circuits,  hanually  equalized  modems  can  be  used 
for  point-to-point  circuits  where  the  path  does  not  vary  -[no 
dial-up!.  In  many  instances  it  may  be  desirable  to  back  up  the 
dedicated  line  operation  with  a  pair  of  dial-up  lines-  In  this 
case-,  it  is  necessary  to  add  a  Bell  D33  dial-up  arrangement  or 
its  equivalent.  The  modems  -CBell  ED1C  or  EDA  or  equivalent! 
must  have  capability  to  be  switched  to  the  backup  state.  In 
this  state-,  an  operator  will  manually  place  two  calls  to  the 
other  end  of  the  link-  The  data  processing  equipment  will 
inte-face  with  the  modems  via  synchronous  communication  adap¬ 
ters. 

D.  NAG  Shared  Lines  -  Dedicated  voice  grade  lines  can  be  shared 
by  two  independent  users.  This  is  made  possible  by  incorpor¬ 
ating  either  line  multiplexers  or  split  stream  modems  into 

the  system.  Figure  1  shows  a  split  stream  modem  configuration. 
Newly  developed  modems  {Bell  ECH  or  equivalent!  enable  com¬ 
munication  at  TbDQ  BPS-,  full  duplex-,  on  unconditioned  circuits. 
These  modems  have  automatic  adaptive  equalizers  and  provide 
for  configurations  consisting  of  EM00-,  4S00-,  7E00-,  and  TLOO 
bit  streams*  These  modems  can  also  be  configured  with  dial-up 
backup  circuits  as  described  previously.  When  dial-up  backup 
circuits  are  used-,  the  modems  will  be  degraded  tc  MflOO  BPS 
operation.  In  all  cases-,  the  data  processing  equipment  will 
interface  with  the  split  stream  modems  via  synchronous  com¬ 
munications  adapters. 
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TABLE  3-4  DEDICATED  LINE  COSTS  FOR  LOW-SPEED 
AND  VOICE  GRADE 
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TABLE  3-5  DIALUP  LINE  COSTS  FROM  PT.  MUGU 


Pleasured  UATS  provides  ID  hours  of  service  per  month  with  an  additional  charg 
for  each  hour  per  month  exceeding  10  hours- 


DIALUP  LINE  COST  ANALYSIS 


This  analysis  consists  of  a  detailed  examination  of  dialup  costs  for  Phases 
I  and  III.  Assumptions  for  each  phase  are  listed  (Tables  3-7  and  3-8).  In 
each  case,  raw  data  quantities  are  based  upon  worse  case  time  intervals 
during  the  24  hour  time  period.  In  other  words,  the  data  stored  for  a 
particular  time  interval  is  calculated  after  determining  the  maximum  quantity 
of  satellite  view  hours  for  that  interval  during  the  day.  The  satellite  view 
hours  were  determined  from  analysis  of  the  view  time  listings  for  the  satellite 
configurations.  Compressed  data  totals  were  determined  by  reducing  the 
tracking  data  to  one  sample  per  15  minutes  ■vdiile  maintaining  the  irame  status 
data  as  in>  the  raw  data  totals. 

Annual  dialup  line  costs  were  determined  by  statistically  weighing  the  toll 
charges  across  the  24  hour  day  according  to  the  time  intervals .  As  an 
example,  the  costs  for  an  interval  of  one  hour  were  based  upon  an  average 
cost  for  the  first  three  minutes  and  additional  minutes  determined  by  weighing 
the  rate  of  each  toll  period  by  the  number  of  calls  In  each  toll  period. 

Soecial  rates  for  weekends  were  only  included  in  the  weighing  of  the  Guam 
and  Samoa  rates.  In  all  cases,  the  minimum  charges  for  a  call  are  based 
upon  the  telephone  company's  three  minute  minimum  per  call  (Tat le  3-9). 

AT&T  will  support  data  transmission  on  dialup  lines  in  CONUS,  Alaska,  and 
Hawaii  under  Tariff  263.  AT&T  will  not  support  dialup  service  to  Guam, 

Samoa,  Seychelles  Islands  or  other  intemation  lines.  Transmission  to 
international  areas  is  possible  by  using  modems  from  vendors  other  than  AT&T. 
The  variation  in  dialup  path  characteristics  may  cause  variation  in  response 
times  for  each  call. 

Figures  3-2  through  3-11  summarize  graphically  the  Phase  I  and  III  annual 
telecommunications  line  costs  for  ELM,  Hawaii,  Maine,  CONUS,  and  Non-CONUS 
monitor  stations,  and  ELM  monitor  to  upload  station. 

The  following  conclusions  can  be  made  from  the  dialup  cost  analysis: 

o  The  dialup  minimum  of  3  minutes  per  call  eliminates  the  value 
of  data  compression  for  Phase  I  with  one  hour  transmission 
intervals.  Raw  data  can  be  transmitted  within  three  minutes 
during  Phase  I. 

o  Phase  I  data  compression  for  most  intervals  will  reduce  the 
line  costs  to  the  minimum  3  minute  call. 

o  Data  Compression  provides  a  significant  cost  reduction  for 
Phase  III.  Dialup  transmission  of  raw  data  in  Phase  Til 
is  very  costly. 

o  Line  costs  can  be  reduced  significantly  by  increasing 
the  interval  between  transmissions  to  4  hours  or  more. 


Dialup  line  to  an  upload  station  is  expensive  as 
depicted  in  the  ELM  ULS/flON  plots  (Fig.  3-10  and  3-11).  Dialup  lines 
have  less  reliability  and  availability  than  dedicated 
lines.  Availability  of  1  hour  or  less  is  important 
for  the  upload  link. 

The  analysis  was  based  upon  lBflO  BPS  throughput  using 
2000  BPS  modems.  This  throughput  could  be  doubled  by 
using  newly  developed  ^00  BPS  modems. 
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MASTER  CONTROL  STATION/SAT  FLUTE  TEST  CENTER 
COMMUNICATIONS 


The  following  options  depict  four  alternative  methods 


of  communications  between  the  Master  Control  Station  and  the 


Satellite  Test  Center-  No  attempt  is  made  by  this  report 


to  recommend  any  individual  option  but  rather  discuss  each 


alternative  with  emphasis  on  the  following  points: 


1-  Communication  Line  Security-i 
3-  Bird  Buffer  Security-i 
M-  Personnel  Requirements-! 

5-  ST C  Space -i 

b-  New  Equipment  Required-! 

?•  Existing  Equipment-) 
fl-  Software-i 
1-  Cost- 


OPTION  I  DESCRIPTION 


This  configuration  consists  of  a  new  stand  alone  tape 
receiving  station  -Ce-g-  IBM  7702}  located  at  the  STC-  The 


mode  of  operation  would  be  quite  similar  to  that  of  the  NAG 
network  when  data  is  transmitted  from  Pt-  Magu  to  one  of  its 


tracking  facilities- 


SCF  INTERFACE  PROBLEMS 


Communication  Line  Security 


Data  links  between  the  MCS  and  the  tape  receiver  station 
must  be  encrypted  to  protect  the  SCF's  secure  modem 
group- ■  See  point  number  fl- 


2-  Bird  Buffer  Security. 


No  problem  as  additional  hardware  will  not  inter¬ 
face  to  any  of  the  existing  equipment- 


SCF  Schedulinc 


Flexible  scheduling  for  Upload  because  GPS  not  restrictive 
to  one  BB- 


OPTION  I  -  DEDICATED  TAPE  -  TAPE  SYSTEH 


wifif 


-is*  4.  i:'jr:,-j  " 


Personnel  Required* 

Additional  operator  required  to  monitor  the  tape  reciever 
station-  This  does  not  include  the  operator 
required  to  transmitt  the  command  message  to  the  up¬ 
load  station- 

5 •  ST  C  Space  • 

One  rack  should  be  required  to  house  the  tape  trans¬ 
port!  reciever!  and  modem- 

b-  New  Equipment  Required- 

1  Tape  Transport 
1  Receiver  Station 
1  Modem 

?•  Existing  Equipment- 

The  reciever  station  might  possibly  be  found  as  GFE 
surplus  following  the  NAG  upgrade- 

fl.  Software  - 

To  eliminate  the  first  problem!  it  might  be  possible 
to  transmitt  the  upload  data  to  the  SCF  in  some  format 
other  than  that  which  is  shipped  to  the  RTS-  This  would 
require  a  package  on  the  BB  to  reformat  the  MCS 
data  into  an  SCF  compatable  tape- 

1 ■  Cost  - 

$50iDQG  -  SflOiODO 


OPTION  II  DESCRIPTION 


This  configuration  is  similar  to  Option  I-  Instead  of 
the  stand  alone  reciever  station  located  at  the  STC  there 
is  a  mini  computer- 

SCF  INTERFACE  PROBLEMS 
1  -  Communication  Line  Security- 


See  Option  I 

S-  Bird  Buffer  Security- 

See  Option  I  and  Part  fl  of  this  section- 
3-  SCF  Scheduling- 


See  Option  I 


DEDICATED  MINI  COMPUTER 


rwn 


M*  Personnel  Required- 
See  Option  I* 

5*  STC  Space  Required- 
1  Rack* 

b •  New  Equipment  Required ■ 

1  CPU  +  SK  memory 
1  Tape  Transport 
1  Modem 

1  ASR  33  Operators  Console 
?•  Existing  Equipment* 

None* 

fl*  Software  * 

Similar  to  Option  In  but  with  this  configuration  the 
reformatting  software  may  be  done  on  either  the  BB 
or  the  mini*  Software  must  also  be  provided  for  the 
mini  to  perform  the  communication  function* 


*1.  Cost  • 


$33-iDD0  +  software 


OPTION  III  DESCRIPTION 

This  conf iguration  consists  of  adding  a  data  set 
controller  and  modem  to  one  of  the  Bird  Buffers  located 
at  the  STC* 

STC  INTERFACE  PROBLEMS 
1  *  Communications  Line  Security* 

See  Option  I* 

2 •  3ird  Buffer  Secuity • 

Probability  of  the  SCF  allowing  GPS  to  configure  any 
unsecure  communications  equipment  to  any  on  of  the  BB 
is  very  low* 

3*  Personnel  Required* 

BB  operator  only* 
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*J.  SCF  Scheduling- 

GPS  restricted  to  the  utilization  of  a  single  BB  to  per¬ 
form  communication  between  MSC-STC-  Still  flexible  on 
the  transmission  of  Command  message  tape  from  any  BB 
to  upload  station.  Additional  time  required  on  BB  for 
recieving  the  tape  from  (ICS - 

5  *  ST C  Space  • 

1/2  rack  located  within  the  STC  BB  area." 

t>  •  New  Equipment. 

1  Data  Set  Controller 
1  Modem 

?•  Existing  Equipment. 

None. 

fl.  Software  - 

Communication  software  with  any  data  set  controller 
does  not  exist  ... 

See  Option  I. 

Cost . 

ffl-iQOO  +  software 


OPTION  IV  DESCRIPTION 

Configuration  similar  to  Option  III  but  data  set 
controller  and  modem  are  now  switchable  to  any  of  the 
currently  utilized  BB's* 

1 •  Communication  Line  Security. 

See  Option  I- • 

2*  Bird  Buffer  Security. 

See  Option  III. 

3*  Personnel  Required- 


Additional  task  allocated  to  Data  Systems  Controller  for 
the  switching  of  the  Communication  Equipment  to  any  BB. 


SCP  Scheduling* 

None  other  than  additional  transmission  time  must  be 
scheduled  for  receipt  of  message  from  MCS- 

STC  Space. 

2  Racks* 

New  Equipment  * 

1  Data  Set  Controller 
1  Modem 

1  Matrix  Switch 
1  Switching  Console 

Existing  Equipment. 

None* 


Software  * 

See  Option  Ill- 
Cost. 

#2DiD0D  +  software 
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1.0  MCS  CONFIGURATION  TRADE 


This  trade  addresses  the  general  computer  configuration  to  be  employed  at  the 
MCS  for  Phase  1  of  GPS.  Specifically,  the  issue  being  considered  is  whether  to 
use  a  single  integrated  processor  or  separate  processors  for  on-line  control 
functions  and  navigation  support  functions.  The  two  candidate  configurations 
are  depicted  in  Figure  5-1. 

2.0  FUNCTIONAL  AND  TECHNICAL  REQUIREMENTS 

The  software  functions  to  be  performed  on  the  MCS  processor  are  as  follows: 

a.  MCS  operations  and  control,  including  analyst  support 

b.  Two-way  communications 

1.  between  MCS  and  Monitor  Stations 

2.  between  MCS  and  Upload  Station 

3.  between  MCS  and  the  AFSCF 

c.  System  status  monitoring 

d.  System  performance  monitoring 

e.  Monitor  station  tracking  data  processing 

f.  Satellite  vehicle  ephemeris  estimation  and  prediction 

g.  Satellite  vehicle  clock  estimation  and  prediction 

h.  Satellite  vehicle  upload  data  file  generation 

3.0  ALTERNATE  CONFIGURATIONS 

3.1  Configuration  A  -  Integrated  Processor 

As  depicted  in  Figure  5-1,  all  MCS  computer  functions  are  accomplished  on  a 
single  processor  in  configuration  A.  The  communications  and  control  software 
are  resident  in  main  memory.  Communications  lines  and  analyst  CRTs  are  serviced, 
by  the  navigation  processor  (NAP),  concurent  with  other  software  functions. 


CONFIGURATION  A 
INTEGRATED  PROCESSOR 


FIGURE  5-  1  MCS  CONFIGURATION  ALTERNATIVES 
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3.2  Configuration  B  -  Separate  Processors 


Figure  1  also  depicts  configuration  B.  During  normal  operations  a  realtime 
computer  (RTC)  services  communications  lines  and  analyst  consoles.  Incoming 
tracking  data  is  placed  directly  on  a  disk  which  is  shared  with  the  NAP.  MCS 
control  software  also  resides  in  the  RTC  which  directs  the  operations  of  the 
NAP. 

The  RTC  is  responsible  for  the  following  functions: 

a.  MCS  operations  and  conLrol,  including  analyst  support 

b.  Two-way  communications 

1.  between  MCS  and  Monitor  Stations 

2.  between  MCS  and  Upload  Station 

3.  between  MCS  and  AFSCF 

c.  System  status  monitoring 

d.  Interface  with  NAP  and  direction  of  NAP  operations 

The  NAP  is  responsible  for  the  following  functions  under  direction  of  the  RTC: 

a.  Interface  with  RTC  and  assist  MCS  operations  and  control 

b.  System  performance  monitoring 

c.  Monitor  Station  tracking  data  processing 

d.  Satellite  vehicle  epheraeris  estimation  and  prediction 

e.  Satellite  vehicle  clock  estimation  and  prediction 

f.  Satellite  vehicle  upload  data  file  generation 


A  principle  consideration  for  configuration  B  is  to  improve  MCS  availability 
by  allowing  a  NAP  processor  failure.  If  such  occured,  system  control,  status 
monitoring,  and  monitor/upload  station  communications  could  still  continue. 
However,  if  the  two  processors  are  connected  only  in  a  serial  fashion,  overall 
MCS  availability  would  be  reduced.  Thus  to  allow  for  an  RCT  failure,  com¬ 
munications  lines  and  analyst  CRTs  must  be  switchable  to  the  NAP,  and  the  NAP 
must  be  capable  of  assuming  all  RTC  functions. 


4.0  EVALUATION  CRITERIA 


The  following  criteria  is  used  to  evaluate  the  two  configurations: 

o  availability 
o  cost 
o  legacy 

5  0  COMPARISON  OF  ALTERNATIVES 

5. 1  Availability 

There  are  three  principle  aspects  to  MCS  availability:  availability  for  monitor 
station  communications  and  system  status  monitoring;  availability  for  upload 
message  transmission;  and  availability  for  upload  message  generation.  Using  the 
analysis  presented  in  Part  I,  Vol.  C,  Syst-e-  Wlysis  Report  Section  7.9,  config¬ 
uration  B  impri  avail.  r  comm  and  system  status  monitoring  by 

0.1%.  It  also  improves  aval  1  i  i tv  f  ad  iessage  transmission  by  about  0.5%. 

Both  of  these  improvements  are  due  to  tiie  redundancy  provided  for  communications  and 
analyst  console  support.  However,  no  improvement  is  attained  in  availability  for 
upload  generation  since  NAP  processing  is  required. 

For  Phase  1,  the  overall  MCS  availability  requirement  is  92%.  For  either 
configuration,  currently  available  processing  equipment  provides  MCS  availability 
in  the  order  of  98%,  which  far  exceeds  the  92%  requirement. 


5.2  Cost 


The  functions  assumed  by  the  RTC  processor  in  configuration  B  relieve  the  NAP 
processor  of  about  3%  of  its  peak  loading  requirements  (for  operations  and  control 
function  and  status  monitor  function)  and  about  10%  of  its  main  memory  require¬ 
ments  (for  operations  and  control  function  resident).  This  reduction  is  not 
sufficient  to  justify  any  reduction  in  NAP  processor  or  main  memory  requirements. 
Further,  if  the  NAP  is  to  have  the  capacity  to  manage  the  system  in  the  event 
of  RTC  failure,  it  must  be  of  the  same  size  as  in  configuration  A.  Thus  con¬ 
figuration  B  involves  additional  hardware  costs  for  the  RTC  processor,  disk, 
peripheral  switch,  and  computer  channel  interface. 


For  the  system  to  function  in  the  event  of  an  RTC  failure,  all  RTC  software 
must  also  be  developed  for  the  NAP  in  configuration  B,  just  as  in  A.  Thus, 
all  RTC  software  represents  additional  costs  for  configuration  B.  Further, 
the  complexity  of  the  control  function  software  is  increased  for  configuration 
B,  involving  even  higher  software  costs. 

Another  consideration  in  configuration  B  software  costs,  is  the  special 
(tailored)  system  software  required  for  shared  disk  use  and  support  of  the  master/ 
slave  relationship  between  RTC  and  NAP  processors.  The  following  table  summarizes 
additional  cost  estimates  for  configuration  B,  as  percent  of  those  for  config¬ 


uration  A. 

o  Approximate  Hardware  Costs 

o  RTC  Processor  and  Memory  2.3% 

o  RTC  Disk  3.7 

o  Peripheral  Switch  0.3 

o  Computer  Channel  Interface  1.0 

o  Total  Additional  Hardware  Cost  7,3% 

o  Approximate  Software  Costs 

o  Operations  and  Control  10.8% 

o  Communications  Handler  4.1 

o  Status  and  Fault  Detection  8.1 

o  RTC/NAP  Interface  9.0 

o  Total  Additional  Software  Cost  32% 


5.3  Legacy 

The  maximum  possible  increase  in  peak  loading  for  Phase  2  is  about  32%  due  to 
the  possibility  of  generating  upload  messages  for  5  satellites  simultaneously 
instead  of  4.  Increase  communications  load  due  to  the  larger  Volume  of  tracking 
data  does  not  effect  peak  loading  of  the  NAP  processor  for  either  configuration. 
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This  is  because  monitor  communications  are  scheduled  for  times  when  the  NAP 
processor  is  not  heavily  loaded.  The  increased  load  on  the  NAF  processor 
for  Phase  2  is  absorbed  by  the  excess  computing  capacity  necessary  for 
Phase  1  system  development.  This  applies  to  either  configuration.  Thus, 
the  configurations  offer  equivalent  Phase  2  legacy. 


6.0  CONCLUSIONS  AND  RECOMMENDATIONS 


I 


I 


A  summary  of  the  trade  is  given  in  Table  5-1.  Adding  a  realtime  processor  to 
the  MCS  to  handle  communications  and  status  monitoring  functions  improves  overall 
MCS  availability  by  about  0.057,.  Availability  for  communications  and  status 
monitoring  support  is  improved  by  about  0.17..  However,  the  increase  of  about 
77.  in  hardware  cost  and  about  327.  in  software  cost  outweigh  this  small  increase 
in  availability.  Even  without  the  realtime  processor,  MCS  availability  is 
expected  to  far  exceed  Phase  1  goals.  The  recommended  configuration  fur  Phase  1 
uses  a  single  processor  for  all  MCS  functions. 
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1.0  MONITOR  STATION  CONFIGURATION  TRADE 

This  trade  study  addresses  the  general  processor  configuration  for  GPS 
Monitor  Stations  (MS).  Specifically,  it  considers  whether,  and  how,  to 
employ  the  user  equipment  processor  in  the  MS  configuration.  The  alternatives 
are  illustraded  in  Figures  6-1  through  6-3. 

2.0  FUNCTIONAL  REQUIREMENTS 

The  MS  processor(s)  provide  the  following  functions. 

a.  Receiver  Interface 

1.  Input  time,  tracking  data,  and  downlink  signal  data 

2.  Direct  satellite  acquisition 

b.  Communications  with  MCS 

1.  Accept  schedule  from  MCS 

2 .  Transmit  tracking  and  status  data  to  MCS 

c.  Test  Equipment  Interface 

d.  Equipment  Scheduling  and  Control 

e.  Process  Receiver  Data 

1.  Validate  downlink  signal  data 

2.  Collect  tracking  data 

f.  Perform  Navigation  Solution 

g.  Support  Teletype 
3.0  ALTERNATE  CONFIGURATIONS 

Three  configurations  are  considered:  a  separate  monitor  processor  (MP)  that 
interfaces  with  the  user  processor  (UP)  ;  a  shared  UP  which  performs  both  user 
and  monitor  functions;  and  a  shared  MP  which  interfaces  with  the  user  receiver 


and  performs  both  user  and  monitor  functions. 


3.1  Alternate  A  -  Separate  Processor 

Under  this  alternative,  a.  separate  processor  is  employed  for  MS  functions. 

The  class  A  user  equipment  group  remains  intact,  including  the  UP.  A  com¬ 
puter  channel  is  added  to  interface  the  MP  and  the  UP.  UP  software  is  modified 
to  interface  with,  and  accept  controls  from  the  separate  MP.  The  MP  also 
controls  MS  test  equipment  and  is  interfaced  with  a  communications  modem  and 
a  teletype.  MP  and  UP  functions  for  Alternate  A  are  listed  in  Figure  6-1. 

3.2  Alternate  B  -  Shared  User  Processor 

Under  this  alternative,  all  MS  functions  are  integrated  into  the  UP.  That  is, 
MS  software  is  programmed  and  executed  on  the  UP.  UP  software  is 
modified  to  interface  with,  and  accept  controls  from  MS  software  which  also 
resides  in  the  UP.  Additional  hardware  is  added  to  the  UP  for  interface  with 
MS  test  equipment,  communications  modem,  and  teletype.  Additional  memory  is 
also  added  to  the  UP  to  accommodate  MS  software  and  data  buffers.  All  UP 
functions  and  MS  processor  functions  are  accomplished  by  the  UP,  as  listed 
in  Figure  6-2  for  Alternate  B. 

3.3  Alternate  C  -  Shared  Monitor  Processor 

Under  this  alternative  the  MP  is  interfaced  directly  with  the  user  receiver. 

The  processor  is  removed  from  the  class  A  user  equipment  group  and  is  not  used. 
Instead,  the  subset  of  this  processor's  functions  required  for  the  MS  are 
programmed  and  executed  on  the  MP.  Since  this  subset  requires  a 
relatively  large  storage  capacity,  a  small  disk  becomes  cost  effective  and  is 
employed  in  this  configuration  for  software  and  data  buffer  storage.  The  MP 
is  interfaced  with  MS  test  equipment,  communications  modem,  and  teletype  as 
well  as  user  receiver  and  disk.  All  MS  processor  functions  are  accomplished 
by  the  MP,  as  listed  in  Figure  6-3  for  Alternate  C. 

4.0  EVALUATION  CRITERIA 

The  MS  configuration  trade  alternatives  are  evaluated  with  respect  to  the 
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MONITOR  PROCESSOR  FUNCTIONS 

o  Communications  with  MCS 
o  Equipment^  Scheduling  and  Control 
o  Process  Receiver  Data 

o  Test  Equipment  Interface 

o  Support  Teletype 

o  Interface  with  User  Processor 

USER  PROCESSOR  FUNCTIONS 

o  Receiver  Interface 

o  Process  Reveiver  Data 

o  Perform  Navigation  Solution 

o  Accept  Control  from  Monitor  Processor 

o  Interface  with  Monitor  Processor 


Figure  6-1  Alternate  A  -  Separate  Processors 


USER  PROCESSOR  FUNCTIONS 

o  Receiver  Interface 

o  Communications  with  MCS 

o  Test  Equipment  Interface 

o  Equipment' Scheduling  and  Control, 

o  Process  Receiver  Data 

o  Perform  Navigation  Solution 

o  Support  Teletype 


Figure  6-2  Alternate  B  -  Shared  User  Processor 
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MONITOR  PROCESSOR  FUNCTIONS 
o  Receiver  Interface 
o  Communications  with  MCS 
o  Test  Equipment  Interface 

o  Equipment  Scheduling  and  Control 

o  Process  Receiver  Data 

o  Perform  Navigation  Solution 

o  Support  Teletype 

o  Support  Disk 


figure  6-3  Alternate  C  -  Shared  Monitor  Processor 


following  criteria. 


a.  cost 

b.  risk 

c.  legacy 

5.0  COMPARISON  OF  ALTERNATIVES 


The  three  alternate  configurations  are  considered  with  respect  to  each  of  the 
evaluation  criteria. 

5 . 1  Cost 

Relative  cost  estimates  are  given  in  Table  6-1.  In  general,  alternate  A  has 
the  highest  hardware  costs  sine"  two  processors  must  be  purchased  for  each 
MS.  Alternate  C  has  the  lowest  hardware  cost  due  to  the  elimination  of  the 
relatively  expensive,  highly  durable  user  equipment  computer.  The  user 
computer  is  slightly  more  expensive  in  alternate  B,  compared  to  alternate  A, 
since  additional  memory  is  required  for  MS  software  and  data  buffers. 

Alternate  A  shows  the  lowest  software  cost  since  user  equipment  software 
functions  do  not  have  to  be  developed  for  the  MP  as  in  alternate  C.  Alternate 
B  costs  are  estimated  high  since  it  requires,  essentially,  another  version  of 
user  software.  Hiis  is  because  user  software  must  be  restructured  to  accom¬ 
modate  MS  functions.  Alternate  A  can  be  accomplished  with  relatively  minor 
modifications  to  user  software. 

The  software/software  integration  costs  arrise  from  integration  of  user  and  MS 
software  in  the  same  processor.  The  cost  figures  reflect  the  greater  difficulty 
of  this  integration  in  alternate  B  compared  to  alternate  C.  This  is  because 
user  software  sub-components  can  be  converted  intact  for  use  on  the  MP  in 
alternate  C.  However,  substantial  modifications  to  user  equipment  software 
logic  are  required  to  interface  it  with  MS  software  on  the  UP  in  alternate  B. 

The  software/hardware  integration  costs  arise  from  interfacing  external  equip¬ 
ment  with  the  monitor  computer.  It  is  higher  for  alternate  A  because  of  the 
additional  computer  to  computer  interface  required  between  the  UP  and  the  MP. 

The  total  cost  figures  reflect  Phase  1  data  processing  equipment  and  software 
for  4  monitor  stations.  Alternate  C  is  significantly  less  costly  for  this 
initial  implementation.  5_g 


5.2  Risk 


The  highest  apparent  risk  factor  concerns  alternate  B.  The  Phase  1  system 
provides  a  test  environment  in  which  possibly  substantial  modifications  may 
be  necessary  to  MS  software  and/or  user  equipment  software.  Since  these  two 
separately  developed  and  maintained  CPCI's  are  integrated  into  one  processor 
in  alternate  B,  any  change  to  one  may  have  unforeseen  adverse  effects  on 
the  other.  This  represents  the  risk  of  incurring  additional  software  inte¬ 
gration  costs  and  schedule  delays  during  Phase  1  testing.  In  addition,  the 
constraints  placed  on  the  UP  by  MS  software  functions  could  prevent  attainment 
of  minimum  UP  cost  goals  without  establishing  another  special  class  of  user 
equipment  for  MS  use.  From  these  two  considerations,  it  is  concluded  that 
the  greater  hardware  and  software  flexibility  of  both  user  equipment  processor 
and  MS  processor  offered  by  alternates  A  and  C,  provide  less  risk  than 
alternate  B. 

The  comparison  of  alternate  A  and  alternate  C  concerns  the  risk  involved  in  a 
computer  to  computer  interface  compared  tc  that  involved  in  a  computer  to 
receiver  interface.  Modifications  to  user  equipment  software  may  have  un¬ 
foreseen  adverse  effects  on  the  UP/MP  interface  software  in  the  UP.  However, 
the  risk  is  not  as  great  as  in  alternate  B,  since  the  alternate  A  software 
interface  is  not  as  extensive.  On  the  other  hand,  the  user  receiver  interface 
may  be  difficult  to  deal  with  for  MS  purposes.  This  could  cause  schedule 
delays  and  increased  interface  costs.  For  this  reason  it  is  concluded  that 
there  is  no  significant  difference  in  risk  between  alternate  A  and  alternate  C. 

5.3  Legacy 

The  major  change  in  MS  configuration  for  later  phases  is  expected  to  be  the 
addition  of  receiver  capability.  Adding  receivers  requires  adding  high  cost 
UP's  in  both  alternates  A  and  B.  Alternate  B  will  also  require  additional 
interface  hardware  and  software  for  coordinating  the  multiple  MS  processors; 
one  in  each  user  equipment  group.  Under  alternate  C,  user  receivers  may  be 
added  without  adding  UP's. 

The  increased  volume  of  tracking  data  in  later  phases  may  require  additional 
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auxiliary  storage  capability,  possibly  in  the  form  of  a  disk.  In  alternates 
A  and  B  this  will  require  additional  interface  hardware  and  software  modifi¬ 
cations.  For  alternate  B  it  is  not  clear  whether  three  such  disks  would  be 
required  per  monitor  station  or  a  single  shared  disk  would  be  used,  even 
further  complicating  the  hardware  and  software  interfaces.  Since  disk  storage 
is  cost  effective  in  Phase  1  for  alternate  C,  at  minimum  the  software  logic 
has  been  designed  to  accommodate  this  possible  increase  in  auxiliary  storage 
requirements. 

Because  of  these  considerations,  alternate  A  offers  higher  legacy  for  later 
phases  than  alternate  B.  However,  alternate  C  provides  significantly  higher 
legacy  than  either  alternate  A  or  B. 

6.0  CONCLUSIONS  AND  RECOMMENDATIONS 


The  trade  is  summarized  in  Table  6-2.  Sharing  the  user  equipment  processor  for 
MS  functions  and  user  equipment  functions  involves  relatively  high  cost,  high 
risk  and  low  legacy.  Using  a  separate  processor  for  MS  functions,  interfaced 
with  the  user  equipment  processor,  eliminates  the  high  risk  factor,  and 
increases  legacy.  However,  it  also  increases  costs.  Removing  the  user 
equipment  processor  and  allocating  MS  and  user  equipment  functions  to  the 
monitor  processor  provides  relatively  lower  costs,  lower  risk,  and  higher 
legacy. 

The  recommended  configuration  employs  a  monitor  station  processor,  selected 
to  be  functionally/electrically  compatible  with  the  user  pro-.essor,  but 
also  to  satisfy  MS  requirements.  This  processor  is  interfaced  with  the  user 
equipment  receiver.  The  processor  is  removed  from  the  user  equipment  group, 
and  the  required  subset  of  it  s  functions  implemented  on  the  monitor  processor 
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1.0 


SCOPE 


This  report  analyzes  the  cost  impact  of  reference  ephemeris  generation,  particularly 
the  cost  and  flexibility  differences  between  sizing  the  MCS  processor  to  generate 
the  reference  ephemerides  and  sizing  the  MCS  processor  to  utilize  an  outside 
service  for  the  reference  ephemeris  production.  The  conclusions  reached  in  this 
analysis  show  that  the  lease/buy  decision  is  quite  sensitive  to  the  safety  margins 
applied  to  Phase  I  instruction  requirements.  If  the  assumed  margin  of  75%  were 
reduced  to  0%,  the  conclusion  could  be  reversed.  The  results  are  also  sensitive 
to  the  time  required  to  run  the  program.  More  refined  estimates  should  be  generated 
before  commitments  are  made. 


BASES  FOR  ANALYSIS 


Functional  Requirements 
a_*  MCS  Processing  System 

1*  Interface  to  monitor  stations  via  comminica- 
tion  equipment  to  transmit  schedules  and  com¬ 
mands!  and  to  receive  tracking  data  and  status* 

2*  '  Interface  to  upload  stations  via  communica¬ 
tions  equipment  to  transmit  upload  messages 
and  commands  and  to  receive  upload  verifica¬ 
tion  and  status* 

3*  Interface  to  the  AFSCF  via  communication 
equipment  to  receive  vehicle  health  data 
■Calso-i  possibly  interface  to  NRL  for  health 
data  for  the  NTS-S  spacecraft!  and  transmit 
back-up  upload  message* 

M*  Interface  to  operational  analysts  via  key- 
v  board  entry  display  equipment  to  receive  com- 
v  mands  and  displays  system  status  and  para¬ 
meters* 

5*  Interface  to  a  TBD  processing  system  to  peri¬ 
odically  send  tracking  data  and  receive  ref¬ 
erence  ephemerides  and  calibration  of  system 
ephemeris  models* 

t>*  Provide  the  data  processing  requi.  ed  to  sup¬ 
port  the  navigation  mission  using  reference 
ephemerides!  and  to  give  adequate  information 
about  the  system's  performance* 

7*  Provide  support  for  GPS  software  development 
and  maintenance- 

fa  .  Ephemeris  and  Calibration  Processing  System 

1*  Interface  to  the  MCS  processing  system  to  re¬ 
ceive  tracking  data  and  send  reference  ephem¬ 
erides  and  calibration  information* 

2*  Generate  reference  ephemerides  for  all  space¬ 
craft* 

3*  Analyze  vehicle  tracking  data  to  detect!  cor¬ 
rect  or  compensate  for  systematic  deviations 
from  model  predictions* 


5*2  Design  Requirements 

a,.  Raw  tracking  data  will  be  collected  from  the 
monitor  stations  hourly. 

Jo.  The  ephemeris  and  clock  correction  estimators 
will  be  executed  every  15  hours* 

£•  The  ephemeris  and  clock  predictions  will  be 
.  generated  daily,  and  uploaded  daily  into  all 
spacecraft- 

£.  The  reference  ephemeris  will  cover  a  15-day 
span  and  will  be  generated  every  seven  days* 

e_-  Software  development  and  maintenance  will  uti¬ 
lize  interactive  services  of  the  DCS  processor 
with  minimal  impact  on  the  operational  activities. 

f_.  The  fICS  processing  requirement  is  estimated  at  a 
minimum  153  thousand  instructions  per  second  for 
application  programs  and  direct  requests  to  the 
operating  system  to  complete  the  load  generation 
sequence  during  Phase  I-  If  it  is  assumed  that 
this  load  can  be  carried  efficiently  by  a  multi¬ 
programming  operation  system^  it  is  reasonable  to 
expect  two-thirds  of  the  available  CPU  power  put 
to  productive  use-i  with  the  remaining  one-third 
going  to  system  overhead  and  CPU  idle  time-  This 
gives  a  135  thousand  instruction  per  second  re¬ 
quirement  with  no  safety  factor  or  attempt  to 
minimize  software  development  costs. 

During  Phase  TIA-i  the  upload  sequence  time  line 
may  include  the  generation  of  messages  for  5 
or  b  of  the  12  satellites  at  a  time-  With  the 
closely  spaced  satellites  giving  time  constraints 
similar  to  those  in  Phase  It  the  minimum  require¬ 
ment  may  be  53D  to  270  KIPS- 

These  estimates  do  not  include  attempts  to  ac¬ 
count  fori 

1>  re-tries  of  all  or  portions  of  the  upload 

sequence  due  to  error  or  unreasonable  results- 
This  capability  is  needed  to  recover  and  still 
upload  the  spacecraft  without  substantially 
cutting  the  scheduled  test  time.  This  capa¬ 
bility  requires: 
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-  checkpoints  throughout  the  sequence 
with  pertinent  information  available 
for  display  to  the  analyst- 

-  Analyst's  ingestion  of  performance  in¬ 
dicators  -Csome  automatical ly  presented! 
some  queried  fori-!  decision!  and  en¬ 
trance  of  GO/ ABORT/RETRY  {possibly  with 
parameter  change!  command-  Five  minutes 

■  '  per  sequence  have  been  allowed  in  the 

above  estimation!  assuming  no  RETRY's- 

-  Resumption  of  the  sequence  with  either 
the  next,  processing  stepi  or  a  re-try 
of  one  or  more  previous  steps- 

21  Execution  requirements  of  a  program  are  greatly 
influenced  by  criteria!  applied  to  the  pro¬ 
gramming  effort. Weinberg!  in  an  articled 
compared  two  programming  groups  given  the  same 
program  specification  but  the  different  criteria 
of  minimizing  development  time  or  program  exe- 
'r  cution  time-  The  group  concerned  with  execution 
times  produced  programs  that  ran  average  of 
six  times  faster  than  the  other  group!  but 
took  an  average  of  twice  as  many  runs  to 
develop-  The  criteria  of  minimizing  develop¬ 
ment  costs  and  maintaining  a  tight  schedule  may 
have  significant  effect  on  program  execution 
rates  and  machine  leading- 

31  An  aspect  of  programming  criteria  similar  to 
"b"  is  involved  in  the  use  of  structured  pro¬ 
gramming-  This  approach  attempts  to  minimize 
development  costs  by  imposing  rigid  programming 
standards  to  structure  the  control  flow  of  the 
program!  make  the  control  flow  obvious  to  some¬ 
one  scanning  the  code!  and  minimize  the  testing 
effort  via  a  "top-down"  approach  to  development 
and  test-  Again!  the  emphasis  is  on  development 
cost!  not  execution  efficiency- 

41  Added  software  development  costs  are  incurred 
when  there  is  little  or  no  excess  capacity  in 
the  processor-  As  constraints  of  the  processor 
are  nearedi  programs  must  be  redesigned!  stan¬ 
dards  waived!  and  various  gimmicks  employed  to 
utilize  the  amount  of  processor  capability  that 
is  potentially  available-  Added  costs  accrue  due 
to  additional  programming  and  schedule  slippage- 
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5>  Requirements  for  additional  processing  during 
the  upload  sequence  that  may  emerge  during 
development  and  demonstration  of  the  ground 
control  segment-  These  may  include  an  ad¬ 
ditional  analysis  or  verification  step  in  the 
sequence!  a  more  complex  clock  state  estimator 
and  predictor!  or  some  other  change  in  tech¬ 
nique  in  order  to  better  the  navigation  per¬ 
formance  • 

The  processor  procured  should  have  excess  capa¬ 
bility  to  account  for  the  above  and  minimize 
total  program  costs-  Processor  capability  SD>c 
to  100'/.  in  excess  of  the  minimum  required  is 
recommended-^  With  an  average  of  75/S  the  re¬ 
quirement  becomes  32S  KIPS  {during  Phase  1} 
with  the  capability  to  increase  to  between  MOD  KIPS 
and  475  KIPS  {during  Phase  IIA>-  The  Phase  IIA 
increase  should  r.ot  be  interpreted  to  mean  that 
the  addition  of  a  second  processor  will  satisfy 
the  requirement!  since  historically  this  technique 
has  had  substantial  impact  on  software  costs  and 
schedule  slippages- 

£■  The  nCS  central  memory  requirement  is  estimated  to 
be  a  minimum  of  40K  {K=1024}  words  {based  upon  32 
bits  per  word}  for  application  oriented  software- 
To  this  is  added  an  estimated  IbK  word  for  the 
operating  system  giving  a  total  requirement  of  5bK 
words  - 

Tor  the  reasons  discussed  in  "fn!  excess  capacity 
should  be  included  in  the  processor  requirements • 

As  the  program  load  nears  thf±  memory  capacity! 
either  software  development  costs  rise  as  the 
programs  are  squeezed  down  to  fit  or  the  pro¬ 
cessor  speed  requirement  is  increased  to  account 
for  different  program  techniques  used  and  extra 
operating  systems  overhead.  A  rule  of  thumb 
similar  to  that  used  in  "f"  suggests  a  50'/.  excess 
capacity  for  applications  memory  or  bOK-  This 
gives  a  total  size  of  7bK  words  including  the 
operating  system- 

The  operating  system  should  have  a  primary  memory 
management  capability!  reducing  the  effects  of  a 
constraint  imposed  by  memory  size-  For  this 
reasoni  the  excess  memory  capacity  is  less  impor¬ 
tant  than  excess  CPU  capacity!  a  bSK  word  {25bK 
character}  memory  would  probably  induce  no  costly 
constraints- 
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The  reference  ephemeris  production  CPU  load  is 
estimated  at  1-7  billion  instructions  per  satel¬ 
lite  for  IS  days  of  ephemeris*  This  estimate 
applies  to  a  machine  with  a  high  precision  word 
length  -CbO  bits!  and  will  be  higher  if  a  shorter 
word  length  machine-!  which  would  require  extended 
precision  processinq-i  is  used-  The  central  mem¬ 
ory  requirement  is  estimated  to  be  about  40-i000 
sixty-bit  word.;  or  LO-iOQO  to  75-iOQO  thirty-two 
bit  words- 

See  Section  2-4-2  for  the  derivation- 
2-3  Schedule 

The  schedule  in  Figure  7-1  shows  the  anticipated 
periods  of  activity  and  pertinent  events  during 
Phases  I  and  IIA-  Important  dates-i  other  than 
satellite  launches-!  are: 

April-i  1*175  -  Start  of  test  and  demonstration 

of  four  satellite  navigation- 

January-i  1176  -  End  of  Phase  Ii  DSARC  commit¬ 

ment  to  limited  operational 
capability  a-d  Phase  IK  start 
of  Phase  IIA- 

December-i  1*181  -  Control  segment  augmented  {if 
necessary  to  support  Phase  IIB 
operational  commitments!  ■ 

2-4  Reference  Ephemeris  Generation 

2-4-1  NUL  Ephemeris  Generation  Service 

NUL  will  generate  a  reference  ephemeris  using  a  version 
of  the  CELEST  program-  System  calibration  will  result 
from  analysis  of  CELEST  output  and  modifications  to 
the  models  and  techniques  in  CELEST-  A  test  and  in¬ 
tegration  function  will  be  required  to  incorporate 
modifications  in  the  production  version  of  CELEST- 

The  NUL  charges  for  computer  time  to  generate  the 
reference  ephemeris  are  estimated  as  follows: 

ASSUMED:  •  Computer  charge  of  $100  per  day  of 

ephemeris  for  four  satellites  {esti¬ 
mate  received  from  NUL!- 
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CALENDAR  YEARS 


Operational  Ephemeris 


•  IS  days  of  ephemeris  generation  done 
every  ?  days* 

•  Cost  is  linearly  proportional  to  number 
of  satellites* 

•  10*  of  the  production  work  will  have  to 
be  rerun  to  correct  for  errors* 

THEREFORE!  •  $liS00/week  for  four  satellites  +  reruns 

•  =  $7fli000/year  for  four  satellites  + 
rerun* 

•  +  ♦11-iSOO/year/satellite  +  rerun* 

•  $5iM0Q  per  quarter  per  satellite* 

CPS  will  have  to  ship  the  tracking  data  to  NUL  and  then 
ship  the  ephemeris  outputs  back  to  the  hCS  each  week* 

This  will  be  done  by  data  transmission  over  some  com¬ 
munication  networki  at'  a  weekly  ccst  of  $fl0* 

Table  7-1  gives  a  summary  of  parts  of  the  ephemeris 
production  costs  for  NUL: 

•  Included  -  computer  time  for  ephemeris 

generation  for  all  launched 
vehicles  * 

-  an  additional  10*  factor  for 
reruns  of  the  production  pro¬ 
gram  ■ 

-  cost  of  data  transmission  be¬ 
tween  the  MCS  and  NUL* 

•  "■ 

■  Not  in-  -  cost  of  generation  and  mainte- 
cluded  nance  of  a  production  version  of 
CELEST  {man  and  machine  costs!* 

-  cost  of  program  and  data  storage 
at  NUL  * 

-  cost  of  NliJL  support  for  analysis 
and  calibration  of  CELEST  models* 


TABLE  7-1 


Quarter 

{Calendar 

Year! 


PRODUCTION  EPHEflERIS  CHARGES 


S/C 

NTS  NDS 


Current 
■C$1  -iDODl 

•fluarterlv  Yearly 


Accumulative 

•CSliOOO} 

Yearly 


Table  7-2  gives  a  summary  of  costs  similar  to  Table 
1  7-1  .  but  includes  an  arbitrary  doubling  of  the 

crmputer  charges  -Cfrom  $100  per  day  of  ephemeris  to 
I  $200}  to  show  sensitivity  to  ephemeris  generation 
,  costs* 

Figure  7-2  shows  the  accumulated  ephemeris  costs 
through  nfll* 

2 •  4 • 2  Ephemeris  Generation  Processing  Requirements  > 

The  production  ephemeris  generator  will  be  a  version 
of  the  NUL  program  CELEST  in  order  to  use  existing  re¬ 
sults  of  R&D  efforts  at  a  minimal  cosi  to  GPS* 

CELEST  currently  runs  on  a  CDC  L7D0  at  the  Naval 
Weapons  Laboratory  in  Dahlgreni  Virginia*  It  is  a 
FORTRAN  program  that  is  segmented  to  run  in  M3.fc.00 
{«s-125-i000a>  sixty-bit  words-i  and  it  can  be  executed 
using  either  or  both  of  the  fc.fc.00  and  the  fc.400  CPU's 
{the  CDC  fc.700  has  two  programably  identical  CPU's 
which  differ  in  speed-,  but  can  be  applied  alternately 
to  the  same  program}* 

2.M-2-1CPU  Load 

The  charging  structure  for  NUL  users  is: 

charge  =  rate  *  system  seconds* 

The  rate  is  based  on  the  job's  priority;  higher  priority 
jobs  run  sooner-i  cost  more-i  and  have  restrictions  on  the 
system  resources  that  they  can  use*  The  priorities! 
with  charges  and  resource  restrictions-,  are: 

Maximum  Maximum  Maximum  Maximum 
Priority  Rate  Time  Memory  T apes  Private  Pdics 

4  $0*24  ISOs  bOKn  0  0 

3  0*ia  1  hour  1‘I0KB  3  1 

2  0*12  --  220Kfl  fc.  2 

1  0-0L 

CELEST  is  restricted  to  a  priority  3  or  lower  due  to 
its  memory  requirements.  Priority  2  probably  gives 
overnight  turnaround;  priority  1  prcbably  gives  weekend 
turnaround*  Priority  3  is  unlikely  to  be  used  due  to 
cost  and  the  fact  that  no  job  run  on  a  weekend  is  cur¬ 
rently  charged  above  priority  2*  It  is  assumed  that 
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3D 
3D 
30 
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1544*3 


FIGURE  7-2 
Ephemeris  Cost 


CELEST  will  be  scheduled  to  run  at  priority  E  to 
keep  cost  minimal-i  but  still  ensure  adequate  turn¬ 
around*  It  is  also  assumed  that  cost  estimates 
were  based  on  this  priority- 

The  estimated  rate  of  $100  per  day  of  ephemerir  for 
four  satellites  is  equal  to  a  run  charge  of  $1t5G0 
per  weekly  run  for  the  portions  of  Phase  1  with  four 
spacecraft  flying-  This  is  equivalent  to  lEn50Q  sys¬ 
tem  seconds  of  computer  usage  at  priority  E- 

NIilL  computes  a  system  second  by  the  following  formula: 


system  seconds  =  { 3#X+1*Y  +  -1*Z}*!1/3EK 


=  bbOO  CPU  seconds 
=  b400  CPU  seconds 

=  Peripheral  processor  seconds  {measure  of  I/0> 


M  =  Hernory  used  by  the  program. 


If  the  PP  time  is  assumed  to  be  accumulated  at  a  rate 
of  1/3  the  b400  time  or  l/T  the  bbDD  time-i  the  weekly 
run  can  be  estimated  to  take  the  following  bbOD  CPU 
time  from  the  above  formula: 


system  seconds  =  {3*X+l*Y+-l*Z>*rV3EK 

=  {3#X+l*0  +  -l*{X/cl3-}*n/3EK 
=  {3  +  -_l}*X*f1/3EK 
T 

=  S7  -  l*X*fl/3EK 

X  =  System  seconds*3SKX^ 

n  E7-1 

bbOO  CPU  =  1E-.50D  *  3Si7b6  *_J_ 

43-ibQO  E7-1 
=  31ED  seconds 
=  SE  minutes- 


The  CDC  bbDO  CPU's  average  execution  rate  is  three  to 
four  times  the  rate  of  the  CDC  Cyber  70/flodel  7E  CPU- 
The  Model  73  has  been  estimated  to  execute  a  mix  of  in¬ 
structions  {defined  in  another  analysis  as  typical  of 
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1 1 


Since  CELEST  runs  the  computations  for  each  spacecraft 
independentlyn  this  estimate  can  be  reduced  to  a  single 
spacecraft  by  dividing  by  four-i  giving  an  estimate  of 
thirteen  minutes  of  CDC  bbOD  CPU  time  per  week  per 
spacecraft-  This  would  give:  bbOD  CPU  13  minutes 

PPU  1-5  minutes 

System  SS  minutes 

{charging  number} 


i 


II 


the  MCS  processing}  at  a  rate  of  b3?  KIPS.  A  ratio 
of  3*5  to  1  places  the  CDC  bbOO  CPU  at  S-.330  KIPS 
average  execution  rate.  The  application  of  this 
rate  to  the  13  minutes  of  CPU  time  per  satellite 
yields  1-7  billion  instructions  per  satellite  for 
fifteen  days  of  ephemeris. 

This  estimate  is  based  on  the  precision  of  the  CDC  bbOO 
word  size  of  sixty  bits.  A  machine  with  a  shorter  word 
length  would  require  extended  precision  involving  either 
more  instructions  or  a  speed  measurement  that  assumed 
arithmetic  and  data  movements  based  upon  multiple  word 
quantitities ■  This  estimate  is  also  linearly  propor¬ 
tional  to  the  cost  of  ephemeris  generation  due  to  the 
fact  that  the  estimate  was  derived  from  an  estimated 
cost  of  $100  per  ephemeris  day.  A  cost  rise  to  $500 
per  day  without  a  rate  change  would  mean  that  each 
satellite  really  requires  about  3*5  billion  instruc¬ 
tions  for  IS  days  of  ephemeris  generation. 

5.U.5.5 Memory  Requirements 

CH.EST  currently  requires  in  excess  of  43-i000in  sixty 
bit  words  to  run  as  an  overlayed  FORTRAN  program- 
This  probably  could  be  reduced  to  around  MO-iOOO  sixty 
bit  words  with  simple  alterations  and  making  sequences 
of  overlays  into  sequences  of  programs-  A  production 
version  would  therefore  require  an  estimated  bU-iOOO 
to  70-iDUO  thirty-two  bit  words  of  directly  addressable 
storage  {excluding  the  operating  system}  to  execute* 
Altering  the  program  to  execute  in  less  storage  is 
assumed  to  require  substantial  programming  effort  to 
create  the  smaller  version  and  to  maintain  it. 

2 «S  Criteria 

The  approaches  will  be  analyzed  and  compared  according 
to  the  criteria  listed  here*  Quantitative  assessments 
are  not  available  for  much  of  the  capability  and  flexi¬ 
bility  analysis*  T'ie  cost  figures  presented  are  rough 
estimates  and  can  only  be  refined  when  computer  vendors 
submit  proposals. 

2*5.1  Capability 

This  criterion  pertains  to  capability  of  the  approaches 
to  provide  support  for  flCS  control!  HCS  development! 

MCS  maintenance!  and  ephemeris  generation. 

2-5.2  Flexibility 

This  criterion  pertains  to  the  ability  of  the  I1CS  pro¬ 
cessor  to  support  changes  in  GPS  requirements •  In¬ 
cluded  are  processor  loading!  memory  loading!  peripheral 
loading!  operational  changes!  and  development  of  new 
techniques  * 
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DESCRIPTION  OF  APPROACHES 


The  approaches  describe  an  (ICS  computer  that  is  a 
large  nmini"i  or  one  that  is  a  small  "large-scale" 
computer  that  is  capable  of  supporting  the  ephemeris 
generation  function: 

•  Approach  A1  -  purchasing  a  large  "mini"  for 

the  (ICS  processori  generating 
reference  ephemerides  at  NbJL 
through  Phase  IIA- 

•  Approach  A5  -  same  as  A 1 1  but  with  different 

costs  assumptions  for  the  ephem¬ 
eris  generation- 

•  Approach  B1  -  purchasing  a  small  "large-scale" 

computeri  generating  reference 
ephemerides  at  NUL  through  Phase  I 
generating  reference  ephemerides 
at  the  (ICS  during  Phase  IIA- 

n  Approach  B5  -  same  as  Bli  but  with  a  computer 
lease  during  Phase  I  and  a  pur¬ 
chase/conversion  during  Phase  IIA- 

3-1  Allocation  of  Functions  to  System  Elements 

The  system  elements  involved  are: 

•  Master  Control  Station!  including  its 
processor • 

•  N  -  Naval  Weapons  Laboratory!  including  its 

CDC  b?00  computing  system- 

The  functions  are: 

e  DCS  Software  Development  -  design!  development 
’  testing!  and  integration  of  all  soft¬ 

ware  to  be  executed  at  the  MCS- 

•  MCS  Control  -  the  result  of  analyst  effort  and 

execution  of  software  in  the  Master  Con¬ 
trol  Station  CPCI- 

•  CELEST  Development  -  on-going  R&D  work  at  NULi 

the  result  of  which  may  not  be  incor¬ 
porated  into  the  production  version  of 
CELEST- 

•  CELEST  Calibration  -  analysis  and  modification 
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of  techniques  and  models  in  CELEST  to 
improve  GPS  performance  and  based  upon 
GPS  data • 


i 

i 


•  CELEST  Maintenance  -  generation  modification 

and  testing  of  the  production  version 
of  CELEST  used  for  GPS  reference  ephem- 
eris  generation. 

•  Reference  Ephemeris  Generation  -  periodic  exe¬ 

cution  of  a  production  version  of  CELEST 
to  produce  the  reference  ephemerides- 

The  approaches  are  classed  according  to  their  func¬ 
tional  equivalence: 

Approach  A  -  Approaches  A1  and  A5i  in  which  NUl 
continues  to  provide  reference  ephem¬ 
eris  throughout  Phase  II. 

Approach  B  -  Approaches  B1  and  B5i  in  which  the 

•  MCS  assumes  the  production  of  ephemeris 
work  after  Phase  I«  NUL  continues  to 
provide  some  calibration  and  maintenance 
activity. 

The  allocation  of  functions  to  system  elements  is 
shown  in  Table  7-3 

3 -H  Approach  A1 

The  MCS  processor  is  sized  for  the  (ICS  requirements 
through  Phase  IIA-  NUL  provides  the  reference  ephem¬ 
erides  weekly  through  Phase  IIA- 

3  •  5  ■  1  l*ICS  Processor 


A  large  version  of  a  small  to  medium  scale  computer  is 
procurred  in  Aprils  1T7S  to  begin  machine  check-out  of 
the  development  software-  The  system  has  a  block  con¬ 
figuration  as  shown  in  Figure  7-3  .  The  processor 

is  the  fastest  model  in  a  compatible  linei  its  memory 
is  close  to  the  maximum  tf at  is  directly  addressable 
by  any  one  program.  Pert  nent  statistics  for  this 
processor  are: 


MCS  mix  speed 
Floating  point  precision 
Memory  size 
Purchase  cost 


450  KIPS 

54  or  48  bits 

bSK  thirty-two  bit  words 

♦bOO^QOO 


TABLE  7-3 


FUNCTION  ALLOCATION 


Approach  Approach 


Function 

A 

B 

MCS  Development 

MCS 

MCS 

MCS  Control 

MCS 

MCS 

CEI  EST  Development 

NUL 

NUL 

CELEST  Calibration 

NUL 

NUL 

CELEST  Maintenance 

-  Phase  I 

NUL 

NUL 

-  Phase  IIA 

NUL 

NUL  +  MCS 

Reference  Ephemeris  Generation 

-  Phase  I 

NUL 

NUL 

-  Phase  IIA 

NUL 

MCS 

MCS  -  Master  Control  Station 
NUL.  -  Naval  Weapons  Laboratory 


o 


L. 

O 

4J 


L. 

O 


*D 

m 

o 


3*2*2  nCS  Operating  System 


The  vendor  of  the  computer  system  supplies  operating 
software  to  support  development  and  operational  ac¬ 
tivities*  The  operating  system  supports  multiple 
tasks  executing  concurrently  *  These  tasks  are  pro¬ 
tected  from  a  single  batch  job  executing  in  the  back¬ 
ground!  but  are  not  protected  from  each  other*  The 
operating  system  allocates  the  CPU  to  the  tasks  on 
the  basis  of  priorities  and  interrupts  that  have 
been  detected*  Provision  is  made  for  an  application 
executive  to  initiate  tasks  and  pass  parameters  to 
them*  Software  drivers  are  included  for  all  periph¬ 
erals* 

Development  tools  include  an  interactive  text  editor! 
a  FORTRAN  compiler!  and  miscellaneous  debugging  aids* 
A  file  system  manages  mass  storage  allocations  and 
allows  the  programs  to  use  file  addresses  rather 
than  disk  locations*  Utilities  aid  the  dumping  and 
restoring  of  disk  storage* 

3*2*3  Ephemeris  Support 

The  reference  ephemerides  are  generated  weekly  at 
NUL  for  the  cost  specified  in  Table  7-1 

3*3  Approach  A5 

This  approach  is  identical  to  Approach  All  except 
that  the  ephemeris  generation  charge  is  derived  from 
Table  7-2  •  This  approach  is  included  to  show  the 

cost  effects  of  a  variance  in  the  service  require¬ 
ments  for  NUL's  ephemeris  generation  service* 

3*4  Approach  B1 

The  MCS  processor  is  sized  for  the  MCS  requirements 
through  Phase  IIA  and  reference  ephemeris  generation 
weekly  during  Phase  IIA*  NUL  provides  the  reference 
ephemerides  weekly  through  Phase  I  and  periodic  cal¬ 
ibration  and  maintenance  support  thereafter* 

3*4*1  DCS  Processor 

A  small  version  of  a  large-scale  computer  system  is 
procurred  in  April!  1^75  to  begin  machine  check-out 
of  the  development  software*  The  system  has  a  block 
configuration  as  shown  in  Figure  7-4  *  The  pro¬ 

cessor  is  the  slowest  model  in  a  compatible  line! 
the  memory  is  close  to  the  minimum  that  is  available. 
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FIGURE  7--1 

Configuration  for  Approaches  B1  and  BE? 


Pertinent  statistics  for  this  processor  are: 


flCS  mix  speed 
Floating  point  precision 
Hemory  size 
Purchase  cost 


bSO  KIPS 
MS  bits 

41K  sixty  bit  words 
♦'JOQiOOD 


3*4*2  ncs  Operating  System 

The  vendor  of  the  computer  system  supplies  a  general 
purpose  time-sharing  operating  system  to  support 
development  and  operational  activities-  The  system 
supports  multiple  interactive  and  batch  jobs  exe¬ 
cuting  concurrently  with  automatic  swapping  of  pro¬ 
grams  between  mass  storage  and  central  memory  based 
upon  a  dynamic  priority  scheme-  All  programs  are 
protected  from  other  programs-  Provision  is  made 
for  an  application  executive  to  initiate  tasks  and 
pass  parameters  to  them-  Software  drivers  are  in¬ 
cluded  for  all  peripherals;  local  I/O-,  remote  batchi 
and  interactive  suh-systems  are  included  to  utilize 
the  drivers  for  the  various  activities- 


Development  tools  include  an  interact 
a  FORTRAN  compiler-*  and  miscellaneous 
A  file  system  manages  mass  storage  al 
allows  all  programs  to  access  data  by 
rather  than  disk  locations-  Access  r 
be  placed  on  certain  files  to  ensure 
multiple  programs  may  access  the  same 
rently  with  system  provided  interlock 
aid  the  dumping  and  restoring  of  data 


ive  text  editor 
debugging  aids 
locations  and 
file  addresses 
estrictions  may 
data  protection 
file  concur- 
s-  Utilities 
files  • 


3*4*3  Ephermeris  Support 

The  reference  ephemerides  are  generated  weekly  at 
NUL  during  Phase  I  for  the  cost  specified  in 
Table  7-1  •  At  the  beginning  of  Phase  IIA-*  the 

production  version  of  CELEST  is  integrated  into  the 
flCS  and  Phase  IIA  reference  ephemerides  are  gener¬ 
ated  at  the  hCS-  NUL  continues  with  periodic  main¬ 
tenance  of  CELEST  and  analytic  support- 


3-5  Approach  Bg 

This  approach  is  functionally  equivalent  to  Ap¬ 
proach  Bl-  The  computer  system  is  leased  for 
Phase  I  and  purchased  during  Phase  IIA-  The 
lease  rate  is  two  percent  of  the  purchase  price 
per  month  and  the  lessee  accumulates  equity  in 
the  system  equivalent  to  seventy  percent  of  the 
total  lease  payments-  The  eventual  purchase  price 
is  $40D-i00Qi  less  the  accumulated  equity- 
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COMPARISON 


1  Capability 

This  section  compares  the  capabilities  of  the  alternates.. 
The  capabilities  of  Approaches  A1  and  AE  are  equivalent 
and  will  be  collectively  discussed  as  Approach  A- 
Approach  B  will  refer  to  both  Approaches  B1  and  BE- 

1.1  MCS  Operations 

Both  approaches  have  processing  power  in  excess  of  the 
estimated  MCS  processing  requirements •  Approach  A  has 
a  KIP  capacity  HD'/,  in  excess  of  Phase  1  sizing  estimates^ 
Approach  B  has  lDDfc  ir.  excess.  Approach  A  has  a  capacity 
equivalent  to  the  expanded  Phase  EA  requirement*! 

Approach  B  has  approximately  KO'/.  excess  capacity. 

1 . E  Ephemeris  Generation 

The  estimate  of  1.7  billion  instructions  per  space¬ 
craft  per  week  produces  the  following  CPU  loads  {note 
that  the  extended  precision  required  in  Approach  A  is 
not  accounted  for}. 

per  S/C  Phase  I  Phase  IIA 

Approach  A  l.QS  hours  4. ED  hours  12-b  hours 

Approach  B  .73  hours  E-ll  hours  fl.?E  hours 

At  a  running  rate  of  3  wall  clock  hours  to  E  CPU  hours 
{rough  guessli  the  estimated  wall  clock  times  become: 

per  S/C  Phase  I  Phase  IIA 

Approach  A  1.6  hours  7  hours  El  hours 

Approach  B  1.2  hours  5  hours  IS  hours 

This  function  is  off-line  with  a  time  requirement  of 
two  to  three  days  between  input  and  output.  In  Phase  I-> 
the  worst  requirement  is  for  7  wall  clock  hours  in  two 
days  for  Approach  At  along  with  the  on-line  processing: 

-  IS  minutes  per  hour  for  sample  collection 
and  pre-processing 

-  45  minutes  every  IE  hours  for  correctors! 
predictors!  and  upload  message  generation. 

If  the  lb. 5  remaining  hours  a  day  are  utilized  for 
miscellaneous  tasks  at  a  rate  of  S02i  there  are  still 
up  to  A  hours  a  day  for  this  jobi  making  it  feasible. 
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In  Phase  IIAi  the  reference  ephemerides  could  be 
staggered  into  3  goups  of  four->  causing  the  same 
attainable  requirements • 

Approach  6  is  more  feasible  due  to  increased  power- 

Note  that  both  processors  must  have  operating  systems 
that  allow  for  the  periodic  suspension  of  the  genera¬ 
tion  task  tG  allow  for  higher  priority  activities  and 
systems  maintenance. 

The  memory  requ: rements  for  CELEST  make  execution  on 
the  processor  in  Approach  A  infeasible  since  the  execu¬ 
tion  of  CELEST  would  require  at  least  ?bK  for  the 
operation  system-  Further  compaction  of  CELEST  would 
require  substantial  programming  efforts  both  to  create 
the  smaller  version  and  to  incorporate  the  periodic 
maintenance  modifications  generated  at  NUL- 


The  memory  in  Approach  B  is  adequate  to  hold  both  the 
program  and  the  operating  system-  The  operating  system 
provides  the  dynamic  memory  management  necessary  to 
automatically  suspend  CELEST  when  higher  priority 
activities!  such  as  communication  with  the  monitor 
stations-i  must  occur- 

The  word  size  of  Approach  A  would  require  reprogramming 
of  CELEST  to  handle  the  precision  required  during  por¬ 
tions  of  the  computation-  The  impact  of  this  activity 
on  development  of  a  production  version  and  maintenance 
of  that  version  reduces  the  feasibility  of  Approach  A 
for  this  activity. 

Approach  B-i  due  to  its  similarity  with  the  NUL  system-i 
minimizes  the  effort  required  to  create  a  production 
version  of  CELEST  and  maintain  it  at  the  flCS  with  NUL’s 
tested  modifications-  The  program  rould  be  kept  in  a 
form  quite  similar  to  NbJL's  version  and  changes  made 
via  utilities  similar  to  NUL's- 

Approach  B  car  feasibly  handle  the  generation  of 
reference  ephemerides-)  Approach  A  cannot  without 
substantial  additional  effort. 

Software  Development 


The  MC S  processor  will  be  the  primary  tool  for  software 
development  for  the  CPS  control  segment-  During  the 
initial  development  effort-)  operating  systems  software 
will  affect  the  amount  of  software  development  required} 
interactive  and  batch  development  aids  will  affect  the 
effort  to  develop  the  application  software-)  as  will  the 
ability  of  the  system  to  handle  multiple  concurrent 
users  involved  in  different  aspects  of  the  development 
effort- 
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4. 1.3.1 


M. 1-3.1  Operating  System  Functions 

The  fICS  computer  program  requires  certain  operating 
system  capabilities  for  its  execution^  additional 
software  effort  will  be  required  to  provide  any  of 
these  capabilities  that  are  not  supplied  with  the 
vendor  supplied  operating  system. 

q. 1.3. 1.1  Job  and  Task  flanagement 

Both  approaches  allow  the  concurrent  execution  of 
several  independent  tasks,  allocation  of  resources 
to  those  tasks-,  priority  scheduling  of  execution 
or  resumption  of  task  execution  based  upon  the 
occurrence  of  system  events-,  external  control  and 
sequencing  of  task  steps  via  a  command  language-, 
and  system  response  to  a  variety  of  program 
requests.  Approach  B  offers  a  superset  of  Approach 
A's  capabilities-,  including: 

•  concurrent  execution  of  multiple  inter¬ 
active  jobs-,  local  batch  jobs-,  and 

’  system  utilities- 

•  an  operating  environment  that  is  con¬ 
sistent  for  all  user  programs-,  allowing 
programs  to  be  run  interactively  or  in  a 
batch  mode  with  no  recompilation. 

■  a  command  language  which  allows  condi¬ 
tional  sequencing  of  job  steps  using 
constants-,  arithmetic  operators-,  rela¬ 
tional  operators-,  and  Boolean  expressions. 
These  commands  may  be  stored  and  accessed 
to  allow  execution  of  a  complex  job 
sequence  by  a  single  command. 

•  isolation  of  jobs  simultaneously  or  con¬ 
currently  utilizing  the  same  system 

•  resources  to  provide  protection  to  all 
other  jobs  in  the  system-,  should  any 
program  be  in  error. 

•  suspension  of  jobs  and  de-allocation  of 
system  resources  to  allow  higher  priority 
programs  to  execute  before  the  lower 
priority  job  voluntarily  relinquishes  the 
CPU  or  central  memory. 


M»l«3«1.2  Resource  Management 

The  operating  systems  in  both  approaches  control 
and  allocate  system  resources  to  requesting  jobs 
based  upon  priority  schemes.  Approach  B  offers 
the  following  capabilities  beyond  Approach  A: 

•  protection  of  resources  that  are  not 
allocated  to  a  job  from  any  actions  of 
that  job. 

•  rapid  re-allocation  of  central  between 
concurrently  executing  jobs-i  some  variable 
fraction  of  which  are  in  central  memory 

at  any  time.  This  is  the  ability  to  swap 
a  program  out  of  central  memory  at  arbi¬ 
trary  points  in  its  execution. 

•  executive  control  of  unit  record  equipment 
to  spool  all  input  and  output  and  allow 
terminal  users  to  easily  print  various 
reports. 

■  logging  of  and  accountinq  for  all  resource 
usage. 

M-l.3-1.3  Data  Management 

Both  approaches  allow  file  creation-,  mass  storage 
allocation-,  data  storage  and  retrieval-,  and  file 
deletion.  Both  also  allow  accessing  of  data  in 
either  a  sequential  or  random  fashion  with  some 
provision  for  translating  a  logical  address  within 
a  file  to  a  physical  disk  address-  Approach  B-, 
designed  for  the  time-sharing  market  placei  offers 
these  additional  capabilities: 

•  data  protection  from  unauthorized  program 
access-  Programs  must  request  and  be 

.  granted  each  type  of  access  -[read-,  modify-i 
execute-,  create-,  or  delete!  that  they  wish 
for  each  file  they  wish  to  access.  Thus 
programs  not  in  the  operational  sequence 
can  be  denied  access  to  the  operational 
data  base}  and  only  those  programs  which 
are  required  to  update  the  data  operationally -i 
can  be  allowed  to  alter  the  data  in  any 
manner ■ 

•  many  programs  can  concurrently  read  data 
stored  in  the  same  file.  A  write  inter¬ 
lock  allows  logical  control  of  the  up¬ 
dating  process. 
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•  extensive  utilities  allow  the  system  to 
dump  to  tape  and  restore  all  permanent 
data  files-i  to  dump  or  restore  selected 
files  based  upon  various  attributes  of 
the  files-i  to  selectively  archive  files 
■[maintain  them  in  the  file  catalog-i  but 
retain  their  contents  on  tape  instead  of 
mass  storage!-!  and  to  report  statistics 
on. file  usage. 

•  operational  data  and  test  data  may  be 
maintained  in  the  file  system  with  identi¬ 
cal  structures  and  identical  file  names-i 
but  under  different  user  or  account 
numbers-  Thus-i  with  one  account  number 
for  operational  programs  and  data-i  and 
another  for  development-i  development 
executions  may  be  completely  tested  with¬ 
out  requiring  -Cor  being  granted!  access 

to  the  operational  data. 

4. 1-3. 1*4  Recovery  Hanagement 

Both  approaches  have  the  capability  to  detect  and 
sometimes  recover  from  various  hardware-i  system-i  or 
application  program  malfunctions.  Approach  B  offers 
extensive  capability  to  maintain  both  files  and 
currently  executing  programs  across  system  malfunc¬ 
tions  and  re-starts. 


4. 1.3. 2  Development  Aids 

The  fICS  processor  will  support  the  development  of  all 
hCS  softwarei  the  development  aids  provided  with 
operating  system  will  influence  the  timeliness  and 
cost  of  the  development  effort. 


4-1. 3-2.1  Interactive  Text  Editing 

Both  approaches  offer  an  interactive  utility  for 
creating-i  modifying-!  listing-!  and  saving  program  and 
data  text.  The  extensive  file  management  capability 
of  Approach  B  facilitates  the  programmers'  saving 
and  retrieving  text  files  more  than  the  file  system 
of  Approach  A- 

4.1-3* 5*5  Interactive  Language  Processors 

Both  approaches  can  compile  FORTRAN  programs  from 
the  terminal.  Neither  language  processor  converses 
with  the  terminal  during  compilation^  each  receives 
source  code  from  a  file  {created  during  the  editing 
process!  and  outputs  a  program  listing  and  an  error 
listing  for  optional  display  on  the  terminal.  Both 


2-j-sjstaiL- r- 11  ■  " — •  aiirLu'ifc .  -a  ■- 
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can  generate  object  code  for  interactive  execution 
or  batch  execution-  The  same  object  code  in 
Approach  B  can  execute  interacti vely  or  in  batch 
mode  due  to  the  similarity  of  the  batch  and  inter- 
ac  tive  subsystems- 

4  •  1  •  3  •  2  •  3  Object  Code  Linkage  and  Manipulation 

Both  approaches  allow  linkage  of  object  code 
modules  into  executable  load  units  which  may  be 
overlayed- 

Approach  B  offers  extensive  control  of  this  process-, 
generation  of  load  and  cross-reference  maps-,  use  of 
libraries  of  modules*  name  changing  of  selected 
sub-routines-,  and  presetting  memory  to  one  of  a 
variety  of  conditions  to  assist  in  debugging.  Also 
in  Approach  B*  selected  routines  may  be  recompiled* 
and  the  resulting  code  be  merged  into  the  old  com¬ 
piled  code*  negating  the  requirement  to  recompile 
the  entire  program- 

4-1. 3-2-4  Debugging  Aids 


4. 1-3-2- 5 


Both  approaches  provide  dumps  of  program  memory-, 
either  after  program  termination  or  as  snapshots  at 
points  during  the  program  execution.  The  programmer 
may  select  breakpoints  in  the  program  flow*  query 
for  data  values*  change  data  values*  and  restart 
execution.  Approach  B  provides  additional  capability 
for  tracing  of  control  flow*  monitoring  variables* 
and  checking  that  array  boundaries  are  not  violated- 

Documentation  Aids 


4- 1-3-3 


Approach  B  provides  utilities  and  standards  for  in¬ 
corporating  external  and  internal  documentation  into 
the  source  code  and  culling  this  documentation  to 
produce  manuals. 

Concurrence  of  Development  Efforts 


1><  r 
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Approach  B  provides  better  response  ♦’o  the  program¬ 
mers  than  Approach  A*  due  both  to  the  greater 
capacity  of  the  processor  and  to  an  operating  system 
designed  to  service  large  numbers  of  varied  users- 
Many  unvaliriated  programs  may  be  tested  concurrently 
in  the  large-scale  system*  while  the  "midi"  is  limited 
to  one  unvalidated  program  at  a  time  to  ensure  ade¬ 
quate  system  protection. 


The  structure  of  the  system  in  Approach  B  allows 
development  activity  to  run  at  a  lower  priority 
than  operational  functions  but  concurrently . 
Developed  programs  may  be  tested  with  duplicate 
data  bases-,  allowing  for  extensive  tests  before 
access  to  the  operational  data  base  is  permitted 

Continuing  flaintenance 

Maintenance  cf  both  hardware  and  software  is  ex¬ 
pected  during  all  phases  of  the  GPS  program.  Th 
section  evaluates  the  tools  provided  by  the  HCS 
processor  to  assist  in  this  function. 

Hardware  Maintenance 


Both  approaches  provide  diagnostic  programs  to  help 
detect  and  isolate  hardware  malfunctions. 


Approach  A  has  exercisors  which  can  be  ru 
operational  periods  or  maintenance  period 
are  saved  and  examined  to  determine  the  s 
Approach  B  hos  similar  exercisors-i  but  th 
and  quality  are  superior-  On-line  diagno 
well  as  operating  system  functions-,  note 
errors  in  a  hardware  error  file  while  the 
continues  to  function.  The  maintenance  e 
when  alerted  of  possible  trouble-,  has  rep 
errors  grouped  by  time  of  day-,  devices  wh 
occurred-,  channels  involved  in  I/O  errors 
resources.  Since  one  of  these  reports  us 
a  clustering-,  the  defective  component  is 
determined.  Off-Jine  diagnostics  are  ues 
use  from  a  key-board  and  CRT  display  unit 
quick  isolation  of  probable  defects  befor 
oscilliscope  is  required. 

Software  Maintenance 
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to  allow 


The  software  maintenance  activity  involves  system 
use  similar  to  software  development.  The  more  ex¬ 
tensive  aids  and  the  greater  capacity  of  Approach  B 
for  concurrent  diverse  activities  makes  it  better. 

In  addition-,  software  for  remote  terminal  use 
{both  interactive  and  batch}  allows  substantial 
maintenance  effort  to  be  performed  at  the  contrac¬ 
tor's  location-,  requiring  fewer  and  shorter  trips 
to  the  MCS- 

The  addional  complexity  of  B's  operating  system  will 
require  more  maintenance  activity  than  will  A-  How¬ 
ever-,  the  vendor  of  Approach  B's  software  provides 
extensive  and  systematic  maintenance  service-,  cor¬ 
recting  many  bugs  before  they  are  encountered  by  a 
customer.  The  vendor  of  Approach  A's  software  pro¬ 
vides  a  similar-,  but  less  extensive  service. 


4 .2  Flexibility 

This  section  discusses  the  MCS  processor'*-  capa¬ 
bility  to  adapt  to  changes  in  loading  requirements- 
Such  changes  might  result  from  deviations  of  actual 
loading  requirement  from  estimations!  operational 
changes!  or  additional  development  efforts  to  in¬ 
corporate  improved  techniques  during  development 
and  the  GPS  demonstration*  The  risk  to  the  program 
is  measured  by  the  time  and  money  required  to  adapt 
the  fICS  processor  and  software  to  the  revised  re¬ 
quirements*  Because  all  approaches  can  easily  handle 
decreased  demands!  only  responses  to  increased  de¬ 
mands  are  discussed* 


4*2*1  Loading  Variations 
4 • 2  *  1 • 1  CPU  Loading 

Both  Approach  A  and  Approach  B  have  excess  capacity 
as  a  safety  margin  to  handle  deviations  from  loading 
estimates-  Both  approaches  require  no  hardware 
changes  as  their  capacity  is  approached!  just  ad¬ 
ditional  software  effort  to  utilize  the  processor 
more  efficiently*  Approach  Bi  since  it  has  more 
capacity  than  Ai  can  adapt  easier- 

Should  the  loading  exceed  the  processor  capability! 
Approach  A  would  require  substantial  time  and  money 
to  adapt*  A  second  processor  would  have  to  be  pro¬ 
cured  because  the  processor  used  in  Approach  A  is 
the  fastest  in  its  line-  These  two  processors 
would  have  to  be  coordinated  to  share  the  work! 
an  effort  requiring  ra-design  and  re-development* 

The  processor  in  Approach  B  is  the  slowest  in  a 
compatible  range  of  processors!  allowing  an  upgrade 
in  capability  with  no  software  change- 

4.2  •  1  *  2  Memory  Loading 

Approach  B  has  more  memory  than  A  allowing  a  greater 
deviation  before  any  change  is  required*  Approach  B 
can  more  than  double  its  memory  capacity.  Ap¬ 
proach  A  can  double  its  memory* 

4*2*1  '3  Peripheral  Loading 

Substantial  growth  capability  exists  in  both  al¬ 
ternatives*  Approach  A  is  less  able  to  accommodate 
the  increase  CPU  and  memory  loads  necessary  to  handle 
the  additional  peripheral  capability* 
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4*2*3 


A  change  in  operations!  such  as  the  addition  of 
verification  steps  in  the  upload  sequence!  could 
have  substantial  impact  on  the  amount  of  proces¬ 
sing  required  in  a  specified  time*  The  approaches 
would  adapt  as  indicated  in  4*2*1* 

Additional  Development 


Additional  development  efforts  are  affected  by  the 
development  tools  available  to  the  programmers! 
the  special  techniques  required  to  ensure  that  the 
processor  capability  is  not  overextended!  the  abil¬ 
ity  of  the  processor  to  support  operational  and 
development  activities  concurrently!  and  the  ad¬ 
ditional  processor  capacity  required  to  support 
the  developed  capability*  Approach  3  has  addition¬ 
al  capacity  and  can  support  concurrent  operations 
easier!  and  with  more  protection  to  the  operational 
sequences  than  Approach  A* 


Costs  are  estimated  through  the  calendar  year  llfll 
This  covers  Phase  I  and  Phase  IT.A  testing  periods* 
The  two  important  points  of  cost  measurement  are 
the  total  Phase  I  cost  -Cas  of  DSARC  at  the  start 
of  and  the  total  cost  through  llfil* 


4*3*1 


Phase  I  Costs 


4*3*1*1  Non-Recurr inq  Costs 

4*3*1*1*1  Hardware  Acquisition 

Approaches  A1  and  A2  both  cost  SbOOiDOU*  Approach  B1 
costs  t'JOO-iOGC*  Approach  B2  has  no  Phase  I  acquisi¬ 
tion  cost* 

4*3*1*1*2  Software  Acquisition 

Approaches  A1  and  A2  both  have  an  estimated  cost  of 
$2O!0O(]*  Approaches  B1  and  B2  use  a  software  license 
with  a  SSiOOO  initial  fee* 

4*3*1*1*3  Site  Preparation  and  Installation 


The  PRELORT  building  has  adequate  air-conditioning 
power  and  raised  flooring  for  all  alternates*  This 
is  assumed  to  be  government  furnished.  The  pro¬ 
cessors  in  Approaches  B1  and  B2  require  water-cooling 


•n d  ext r*  space  for  motor  generation  equipment* 

It  is  assumed  that  the  cooling  tower  outside  the 
building  will  be  GFE  and  that  a  concrete  pad  and 
shed  need  to  be  constructed  for  the  motor  genera¬ 
tor  sets  of  61  and  62*  If  space  -C10D-2Q0  square 
feet}  can  be  found  in  the  existing  machine  room* 
the  estimated  eiQtOOD  cost  for  Approaches  B1  and 
82  uculd  be  reduced  substantially* 

The  installation  and  freight  charges  for  Approaches 
A1  and  A2  are  estimated  at  $7-inOD  trough}.  Instal¬ 
lation  and  freight  for  Approaches  B1  and  B2  are  pro¬ 
vided  by  the  vendor* 

4*3*1*2  Phase  I  Recurring  Costs 

4*3*1*2*1  Hardware  Lease 

Approaches  A  l*  A2  and  B1  involve  no  hardware  lease* 
Approach  B2  has  a  lease  cost  of  Slfl-iOQO  per  month* 

4*3*1*2*2  Software  License 

•S 

Approaches  A1  and  A2  have  no  software  license  fees* 
Approaches  B1  and  BH  have  a  license  fee  of  ^iDDO 
per  month* 

4*3*ii*2*3  Hardware  Maintenance 


In  all  approaches!  it  is  assumed  that  the  proces¬ 
sor  vendor  will  provide  preventative  and  emergency 
maintenance  services*  In  Approaches  A1  and  AEi 
this  is  estimated  at  $2iDDD  per  month i  in  Approaches 
B1  and  B2i  the  cost  is  estimated  at  $3in00  monthly. 

4 • 3 • 1 ■ 2 • 4  Software  Maintenance 

In  all  approaches!  the  vendor  will  supply  some 
maintenance  services  for  vendor  standard  software 
at  no  additional  charge* 

4*3*1*2*S  Operating  Costs 

All  approaches  require  similar  resources  and  man¬ 
ning  to  operate.  Approaches  B1  and  B2  require  more 
power  and  cooling!  but  this  is  assumed  to  be  GF E* 

4*3*l*2*b  Ephemeris  Generation  Service 

.  The  cost  of  creating  and  maintaining  a  production 
version  of  CELEST  is  assumed  identical  for  all 
approaches  and  is  not  included*  The  cost  of  ephem¬ 
eris  generation  during  Phase  I  is  $41n50D  for 
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Approach#*  All  B1  and  B2i  and  $17?i,100  for  Ap¬ 
proach  AS* 

<1.3.2  Phase  IIA  Costs 

4.3.2. 1  £h  ase  IIA  Non-Recurr inq  Costs 

4.3«2*1.1  Hardware  Acquisition 

Approach  BS  has  a  hardware  purchase  conversation 
at  this  point  for  a  one-time  charge  of  $44b-iODQ. 
The  other  approaches  involve  no  hardware  acquisi¬ 
tion* 

4-3. 2*1. 5  Software  Acquisition 

No  costs  for  any  of  the  approaches  assuming  no  new 
vendor  software  is  desired. 

4- 3* S. 1*3  Site  Preparation  and  Installation 

No  costs  incurred  for  any  approach. 

4. 3-2*2  Phase  IIA  Recurring  Costs 

4-3.S.2.1  Hardware  Lease 


Approaches  Al,  A3  and  B1  involve  no  hardware  lease- 
Approach  B2  has  a  lease  cost  of  per  month 

for  the  three  months  before  the  system  is  purchased. 

4.3.2»3.2  Software  License 


Approaches  B1  and  B3  have  a  license  fee  of  $3-i00D 
per  month  for  the  first  three  months- 

4.3«3« 3 *3  Hardware  tlaintenance 


There  is  no  change  from  Phase  I-  Approaches  A1  and 
A3  cost  $3iDQ0  per  months  Approaches  B1  and  B3  cost 
$3iQ00  per  month. 

4- 3* 2*3- 4  Sc.tware  Maintenance 


Same  as  Phase  I:  no  cost. 

4. 3* 2-2.5  Operating  Costs 

Same  as  Phase  I:  no  costs  included* 
4.3*2-2.ti  Ephemeris  Generation  Service 


In  Approaches  A1  and  A3i  NliIL  continues  to  supply  this 


I 

I 

y 


— ■Mi*.'-.-'*- 


service  for  a  cost  of  $bTlnD00  and  $li3bb-i000 
respectively.  In  Approaches  B1  and  BBi  pro¬ 
duction  ephemeris  generation  is  transferred 
to  the  IlCSi  a  one-month  overlap  charge  of 
♦7iM00  is  included. 

Alterations  to  the  production  version  of  CELEST 
will  originate  from  NblL  at  a  cost  which  is  not 
included  here-i  but  is  identical  for  all  ap¬ 
proaches*  Approaches  B1  and  B2  involve  inte¬ 
gration  of  the  production  version  of  CELEST  in¬ 
to  the  fICS  processing  system.  An  additional 
cost  of  SEOiOOD  is  estimated  for  Phase  IIA. 

Cost  Summary 

The  costs  are  summarized  in  Table  7-4  . 

Figure  7-5  shows  the  accumulated  costs 
as  a  function  of  time.  Neither  summary  in¬ 
cludes  the  impact  of  the  approaches  on  soft¬ 
ware  development  costs* 


TABLE  7-4 
COST  SUMMARY 


Item 

Approach  Cost 

■cx$iaao> 

PHASE  I 

A1 

AE 

B1 

BE 

Hardware  Acquisition 

too 

.  LOO 

TDD 

□ 

Software  Acquisition 

ED 

ED 

5 

5 

Installation 

7 

7 

ID 

ID 

Hardware  Lease 

□ 

□ 

□ 

5^4 

Software  License 

□ 

0 

bb 

bb 

Hardware  Maintenance 

bb 

‘H 

'n 

Software  Maintenance 

— — 

“  — 

—  — 

Operating  Costs 

— 

—  “ 

“  “ 

Eohemeris  Generation 

12 

17fi 

IE 

IE 

TOTAL 

7B5 

B71 

117S 

fibb 

PHASE  II A 

Hardware  Acquisition 

□ 

□ 

□ 

44b 

Software  Acquisition 

0 

D 

D 

D 

Installation 

0 

□ 

0 

□ 

Hardware  Base 

□ 

□ 

□ 

54 

Software  License 

□ 

□ 

b 

b 

Hardware  Maintenance 

lb 

‘lb 

144 

144 

Software  Maintenance 

-- 

“ “ 

— 

— — 

Operating  Costs 

— - 

— 

—  “ 

Ephemeris  Generation 

b^l 

13bb 

E7 

E7 

TOTAL 

7fi7 

1 4bE 

177 

b77 

PROGRAM  TOTAL 

1S7E 

E333 

134T 

1543 

^equivalent  for  all  alternatives 
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CONCLUSION 


The  driving  Phase  I  costs  are  equipment  procurement 
and  software  development-  The  driving  Phase  IIA 
costs  are  system  operation  and  ephemeris  generation- 

In  Phase  I-  Approaches  B1  and  B2  offer  more  capability 
as  development  tools  and  less  risk-i  but  the  quantitiza- 
tion  of  these  benefits  has  not  been  attempted-  The 
major  costs  show  B1  as  substantially  more  in  Phase  I 
then  Ali  A2i  and  B2-  In  Phase  IIAi  Approaches  B1  and 
BE  show  significant  cost  savings  in  the  ephemeris 
production-  In  Approach  B2i  these  cost  savings  are 
applied  to  a  delayed  purchase  of  the  processor- 

Approach  B1  shows  the  lowest  overall  costi  the  least 
riski  and  the  highest  performance  of  the  approaches- 
Its  high  initial  cost  makes  it  the  recommended  ap¬ 
proach  only  if  the  program  has  a  high  probability 
of  continuing  through  Phase  Hi  and  has  the  money 
to  spend  initially  to  effect  overall  savings- 

A  low  initial  budget  and  a  reasonable  probability 
that  the  program  would  continue  through  Phase  II 
would  suggest  Approach  BE-  This  approach  has  a 
higher  overall  cost  than  Approach  Bln  but  the  com¬ 
mitment  to  spend  the  money  is  not  required  until 
after  the  decision  to  carry  the  program  through 
Phase  II- 

Approaches  A1  and  A2  -Cnote  that  the  two  approaches 
do  not  imply  a  capability  to  choose  between  themi 
but  that  the  cost  will  vary  for  Approach  A  probably 
between  these  two  approaches}  offer  the  best  solu¬ 
tion  should  the  program  have  a  low  probability  of 
continuing  through  Phase  II-  The  Phase  II  costs 
guarantee  that  Approach  A  would  have  the  highest 
overall  costi  except  for  the  low  probability  of 
spending  Phase  II  money-  Approach  BE  shows  similar 
Phase  I  costs  to  Approach  A1  and  AEi  but  a  decision 
to  defer  Phase  II  requires  that  the  program  lose  the 
equity  accrued  in  the  equipment  or  spend  additional 
money  to  purchase  it  <a  ready  market  in  the  govern¬ 
ment  for  the  equipment  at  the  conversion  cost  is 
probablei  but  not  guaranteed}-  The  advantages  of 
Approach  BE  are  proportional  to  the  probability  of 
continuing  through  Phase  II- 
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1.0 


INTRODUCTION 


2.0  REQUIREMENTS 

Fundamental  to  the  successful  development  of  the  GPS  is  the  achievement, 
through  on-line  determination  of  satellite  ephemerides  and  satellite  clock- 
model  parameters,  of  a  user  equivalent  range  error  (UERE)  on  the  order  of  12 
feet.  In  the  design  of  the  ephemeris  and  clock-modelling  algorithms,  it  is 
important  to  recognize  that  overall  svstem  performance,  measured  in  terms  or 
UERE  or  user  geopositioning,  is  the  primary  performance  criterion,  and  that 
the  interactive  processes  between  ephemeris  and  clock  determination  may  intro¬ 
duce  correlated  errors  exceeding,  but  notimpacting,  the  required  UERE. 

Functionally,  the  ephemeris  and  clock-model  determination  software  is  required 
to  translate  pseudoranging  data  into  estimates  of  satellite  and  clock  states, 
meeting  the  quantitative  design  requirement  on  UERE,  and  additionally,  to  de¬ 
termine  any  related  model  parameters,  such  as  radiation  pressure  which  can 
inhibit  the  maintenance  of  this  UERE  over  extended  periods  of  time  and  space. 

Due  to  the  highly  interactive  nature  of  satellite  and  clock  states  and  the 
immunity  of  the  system  product  (UERE  or  geopositioning  accuracy)  to  corre¬ 
lated  errors  in  these  states,  their  estimation  must  be  considered  in  the  overall 
system  sense. 

3.0  CRITERIA  FOR  SELECTION 

In  addition  to  the  achievement  of  a  budgeted  User  Equivalent  Range  Error,  as 
discussed  above,  three  other  qualitative  design  goals  have  been  considered. 

These  are: 

•  Legacy  —  The  algorithms  and  related  software  products 
must  permit  orderly  growth  of  the  GPS,  from  demonstra¬ 
tion  phase  to  full  opetational  deployment,  without 
major  revisions  in  the  data  processing  concept  and  sup¬ 
porting  software.  (It  is  anticipated  that  the  CPU 
loading  will  grow  as  the  system  matures,  and  that  this 
growth  can  be  accommodated  by  additional  small  processes 
or  by  growth  within  a  CPU  family.) 


•  Cost  and  Technical  Risk  -  -  Experience  has  shown  that 
large  CPCI's  tend  to  increase  the  risk  from  cost  and 
technical  standpoints,  due  principally  to  lack  of 
communications  between  many  programmers  developing  a 
CPCI.  Setter  control  ever  cost,  schedule  and  tech¬ 
nical  performance  can  be  maintained  by  distributing 
the  processing,  where  technically  feasible,  over 
smaller  CPCI's  with  careful  interface  definition  and 
control. 

•  Utilization  of  Government  Resources  --Within  the 
government  community  disciplined  resources  (personnel 
and  software)  exist,  and  their  utilization  on  a 
limited  basis  --  particularly  during  the  demonstration 
phase  for  calibration  of  the  overall  system  and  its 
components  (sensor  locations,  geopotential  model,  etc.) 

--  would  significantly  reduce  the  cost  and  technical 
risk.  In  subsequent  discussions,  the  utilization  of 
Naval  Weapons  Laboratory  resources,  already  integrated 
into  the  DMA  community,  will  be  proposed  in  an  off-line, 
supporting  role. 

Each  candidate  system  has  been  evaluated  against  these  design  goals. 

4.0  ALTERNATIVE  APPROACHES 

Methods  investigated  to  support  the  ephemeris  and  clock  state  estimation  have 
been  generally  restricted  to  linear  differential-correction  procedures  representing 
common  astrodynamic  practice  in  the  precise  determination  of  satellite  orbits. 

Since  predicted  ephemerides  are  required  to  support  the  navigation  process,  the 
satellite  state  estimates  must  be  made  under  dynamical  (or  force  model)  constraints 
which  will  support  this  prediction  process  over  extended  periods;  the  differential- 
correction  procedures  provide  this  mechanism. 
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Variations  on  the  implementation  of  differential  correction  techniques  con¬ 
sidered  for  GPS  include  both  simultaneous  multivehicle  processing,  wherein 
all  satellite  and  clock  states  are  estimated  simultaneously,  and  a  dis¬ 
tributed  processing  concept  wherein  satellite  and  clock  states  are  separately 
estimated,  but  in  such  a  way  as  to  protect  correlated  errors  which  serve  to 
reduce  the  UERE,  Within  each  method,  variations  on  the  filtering  method  have 
also  been  investigated.  Analysis  has  demonstrated  that  either  method  will 
support  the  required  UERE,  although  in  their  implementation,  there  is  a  signi¬ 
ficant  difference  in  computational  imolementation  and  related  factors  of  cost, 
risk  and  legacy. 

4.1  Simultaneous  Multivehicle  Processing 


In  the  simultaneous  concept,  all  pseudo-range  observations  are  pooled  to 
simultaneously  estimate  ephemeris  and  clock  states.  Typical  of  this  implementation 
technique  is  the  TRACE  program,  developed  by  Aerospace  Corporation.  This  imple¬ 
mentation  technique  will  generally  result  in  higher  accuracy,  since  at  all  times 
enough  degrees  of  freedom  (solution  parameters)  are  available  to  properly  account 
for  their  associated  observation  residual  patterns.  From  the  standpoints  of 
legacy,  cost  and  risk,  the  simultaneous  concept,  however,  tends  to  be  unwiedly. 

To  manipulate  the  covariance  matrix  alone,  for  example,  requires: 


fbase 


Number  of 
Satellites 


Stations 


Solution 

Parameters'* 


Comput  er 
Word  s 


(should  a  batch  or  batch-sequential  least-squares  filter  be  used,  a  similar 
number  of  words  would  be  required  for  the  inverse).  While  this  single  example 
iu  not  conclusive  in  itself,  experience  has  shown  that  multiprocessing  concepts 
equate  to  large  computational  and  machine  requirements,  and  due  to  their  sheer 
size,  also  tend  to  be  long  on  cost  and  schedule  risk. 


*  Based  upon  six  state  parameters  and  one  model  parameter  per  satellite 

and  two  clock-state  parameters  (offset  and  rate)  per  clock  (except  master.) 
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4.2 


Distributed  Processing 


The  distributed  processing  concept  tends  to  decentralize  the  processing  load 
into  smaller  portions,  to  be  serviced  by  small  machines  which  can  be  time- 
shared  with  other  processing  tasks.  In  this  way,  the  computations j.  elements 
of  the  system  can  be  more  efficiently  utilized,  and  system  growth  is  more 
readily  accomplished. 

In  any  distributed  processing  concept,  it  is  necessary  so  isolate  the  ephemeris 
determination  and  clock  modeling  processes,  yet  preserve  their  interaction 
(in  terms  of  correlated  errors)  in  the  final  products.  The  key  tc  this  concept 
is  to  utilize  pseudorange  differences  between  consecutive  pseudorange  values 
(a  data  tyoe  identical  to  "integrated  doppler")  for  ephemeris  determination. 

Since  clock  offsets  are  manifested  as  biases  in  pseudorange,  the  range  differ¬ 
ences  are  immune  to  offset  errors. ^  In  this  way,  the  ephemerides  can  be  updated, 
one-by-one,  and  a  consistent  model  for  all  clocks  then  derived  utilizing  the 
derived  ephemerides  and  pseudorange  data.  This  processing  concept  is  shown  in 
Figure  8-1. 

Subsequent  discussions  of  simulation  results  will  confirm  that  the  UERE  contri¬ 
bution  of  this  concept  will  meet  satisfactory  performance  levels  for  GPS.  At 
this  point,  the  advantages  of  this  concept  over  the  simultaneous  multivehicle 
concept  are: 

•  A  single  orbit  determination  ar.d  prediction  module  can  service 
all  satellites  sequentially,  and  this  module  size  is  independent 
of  the  number  of  satellites. 

•  The  clock-state  determination  module  size  will  grew  with  the 
satellite  population,  but  with  full  operational  deployment, 
can  still  be  implemented  on  a  small  computer. 


1 


Note  that  in  time-tagging  the  resultant  range-difference  data,  errors  of 
microseconds  are  inconcequential. 
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Figure  8-1  Distributed  Processing  Concept  4.2  (Cont. 


•  Since  the  orbit  and  clock  state  parameters  are  subjected 
to  different  model  constraints,  the  option  to  utilize 
different  filtering  concepts  is  available.  Every  effort 
will  be  made,  however,  to  utilize  common  techniques 
and  routines  to  simplify  maintenance. 

An  additional  consideration  which  will  significantly  simplify  the  deployment 
of  :  he  system,  particularly  during  the  demonstration  phase,  is  that  the  bulk 
of  the  computational  load  is  involved  with  the  numerical  integration  of 
ephemerides  and  the  computation  (by  analytic  or  variational  equation  techniques) 
of  the  orbit  state  transition  matrices.  (The  clock  state  transition  matrices 
are  trivial.)  This  function  can  be  accomplished  off-line  and,  utilizing  existing 
software  and  large-scale  computer (s),  even  off-site,  reserving  to  on-line  processing 
only  those  functions  of  ephemeris  and  clock  state  updates,  both  highly  linear 
processes  if  the  externally  provided  ephemerides  are  sufficiently  accurate  to 
support  the  linearity  assumption.  ^  The  baseline  recommendation,  outlined  in 
Section  7.0  and  supported  by  simulation  studies  documented  in  Section  5.0  and 
Appendix  A,  will  take  advantage  of  this  fact. 

5.0  ANALYSIS  OF  ALTERNATIVES 

The  analysis  of  the  ephemeris  and  clock  modelling  processes  has  involved  two 
generally  parallel,  but  highly  interactive  steps,  as  shown  in  Figure  8-2.  The 
first  of  these  is  simulation,  wherein  the  basic  input  and  environmental  model 
data  are  processed  for  candidate  satellite,  tracking  and  user  configurations. 

The  simulation  products  are  quantitative  assessments  of  the  products  of  the 
candidate  system,  expressed  in  statistical  terms.  The  analysis  tool  utilized 
in  these  simulation  studies  is  the  TRACE-66  program,  the  most  comprehensive 
simulation  tool  of  its  type. 

1  Experimentation  to  date  has  demonstrated  that  errors  approaching  1  km 
will  not  defeat  this  hypothesis.  (See  Appendix  A) 


The  second  step  involves  the  development  of  algorithms  to  implement  these 
processes,  and  some  modest  programming  and  experimentation  with  candidate 
algorithms  to  assess  their  suitability  for  on-line  GPS  applications.  These 
algorithms  have  been  restricted  to  the  differential  orbit  correction  procedures, 
although  several  variations  on  the  basic  differencial-correction  format  and 
data  filtering  techniques  have  been  considered.  The  products  of  this  effort 
are  quantitative  assessments  of  computer  speed  and  sizing,  and  qualitative 
assessments  of  complexity,  growth  capability  and  related  operational  considera- 


By  interating  between  these  simulation  and  implementation  tasks,  a  baseline 
concept  has  evolved  for  the  ephemeris  and  clock-modelling  process. 

5. 1  Simulation  Approach  and  Results 

TRACE-66  provides  a  comprehensive  tool  to  analyze  the  propagation  <  c  data  and 
model  errors  through  the  entire  GPS  process.  In  the  simulation  studies, 
representative  tracking  data  strategies  were  processed  to  determine  the  geo¬ 
positioning  performance  of  a  candidate  satellite  and  tracking  configuration, 
in  the  presence  of  environmental  model  errors,  the  latter  introduced  through 
the  so  called  "Q"  or  "consider"  parameter  capability  of  TRACE.  The  product 
of  the  simulation  analysis  was  the  variance  in  the  user's  geopositioning,  and 
by  utilizing  two  values  of  user  ranging  error,  it  was  possible  to  solve  for  the 
intermediate  values  of  UERE  and  GDOP. 

The  following  are  the  candidate  tracking  strategies  and  orbit  support  concepts 
which  were  considered  in  this  simulation  effort: 

•  Orbit  configuration:  SIGMA  (See  Part  II,  Report  C-2) 

•  Tracking  data:  Pseudoranging  data  at  15  minutes  intervals 
collected  over  a  48  hour  period  from  the  following  locations 
representative  of  either  AFSCF  or  NAG  sites: 


Southern  California 
North-Eastern  United  States 
Southern  Alaska 
Hawaii  „  „ 
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For  the  simultaneous  multisatellite  processing  concept,  pseudorange  data 
from  each  station  are  processed.  For  simulations  involving  the  distributed 
processing  concept,  greater  accuracy  was  achieved  by  designating  one  station 
clock  (southern  Alaska)  as  a  master  clock  and  incorporating  into  the  state 
estimation  for  each  satellite  the  two  satellite  clock  parameters  (offset  and 
rate);  in  this  way,  pseudorange  data  could  be  processed,  with  other  stations 
contributing  pseudorange  differene  data  to  the  solution.  Through  this  data 
management  concept,  the  process  reamins  a  distributed  one(no  interaction 
between  the  several  orbit  solutions)  yet  ephemeris  products  competitive  with 
the  multisatellite  processing  concept  are  obtained. 

A  ranging  "sigma"  of  five  feet  was  utilized  as  representative  of  the  uncorre¬ 
lated  errors  in  smoothed  observations  taken  at  15-minute  intervals;  the  actual 
data  rate  would  be  higher  to  permit  editing  and  smoothing.  A  range  difference 
"sigma"  of  0.005  ft/sec  representative  of  uncorrelated  errors  in  the  difference 
of  two  pseudoranges  taken  1000  sec  apart. 

•  A  priori  orbit  state  statistics:  A  "steady-state"  situation  was  considered, 
in  which  sufficient  data  had  been  processed  to  provide  a  priori  orbit  state 
data  to  the  order  of  800  feet  in  radial  and  cross-track  coordinates  and  to 
1300  feet  and  2  feet/hour  in  in- track  position  and  mean-motion,  respectively. 
These  data  were  readily  introduced  through  initial  statistics  on  the  "F"  and 
"G"  orbit  solution  parameters.  In  addition,  a  15  percent  initial  error  in 
radiation  pressure  modeling  was  assumed.  Since  the  navigation  processing 
reduces  these  a  priori  errors  by  generally  an  order  of  magnitude,  they  have 
little  effect  on  overall  simulation  results. 

•  Orbit  state  solution  (P)  parameters:  Six  orbit  state  parameters  and  one 
model  parameter  (radiation  pressure)  were  estimated  for  each  satellite. 

These  states  were  estimated  by  a  "batch  least  squares"  filtering  algorithm. 
While  the  adopted  filtering  algorithm  will  be  selected  on  the  basis  of 
computational  efficiency  and  ability  to  incorporate  process  noise,  as  well 
as  accuracy,  the  batch  least  squares  algorithm  is  representative  of  the 
several  alternatives,  in  terms  of  accuracy,  for  this  well  conditioned 
problem. 
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Clock  state  solution  parameters:  Two  solution  parameters,  offset  and 
rate,  were  estimated  for  each  satellite  clock,  relative  to  an  adopted 
system  standard  clock.  For  the  multisatellite  processing  concept,  TRACE 
resources  permitted  the  simulation  of  the  interrelationship  of  all  ground 
clocks  as  well.  The  simulation  results,  in  terms  of  UERE,  are  dependent 
only  on  the  satellite  clock  interrelationships;  however,  in  practice,  all 
system  clock  parameters  will  be  estimated  regardless  of  the  processing 
method.  No  relativistic  effects  are  considered  in  the  simulations,  since 
they  are  manifested  either  as  rate  changes,  already  estimated,  or  as  12 
and  24  hours  periodic  terms  which  are  deterministic. 

User  Solutions:  User  solutions  were  computed  at  3,  9,  15,  21  and  27  hours 

after  the  observation  span  to  assess  system  error  variations  with  tinv:  and 

user  location.  The  user  locations  which  corresponded  to  these  times  were 

respectively:  White  Sands  Missile  Range,  South  Atlantic,  Pakistan  ^..id  the 

Tasman  Sea.  For  each  one  of  these  locations,  two  colluv.ated  users  were 

solved  for  with  different  values  of  range  "noise".  A  small  value  (tr  =.l  Feet) 

K 

was  utilized  to  demonstrate  the  streets  of  orbit  and  clock  state  estimation 
uncertainties  on  the  navigation  products.  A  larger  value  (cr ■  =1  Foot)  was 
used  to  compute  geometric  dilution  of  percision  (GDOP)  for  each  user.  By 
utilizing  these  two  values  of  user  navigation  errors,  user  equivalent  range 
errors  (UERE's)  were  then  computed  with 

/  GDOP 

2  2  2  2 

where  o'LAT»  ax.ONG’  ^ALT’  and  CTR  BIAS  are  resPectively  the  variances  in  the 
user  latitude,  longitude,  altitude,  and  range  bias  navigation  uncertainties 
observed  when  a  =  0.1  feet. 

Consider  Parameters:  Consider  or  Q-parameters  are  those  parameters  not 
estimated  (solved  for)  in  the  candidate  orbit  support  concept,  but  which 
contaminate  the  GPS  product.  They  are  primarily  environmental  model  errors 
and  the  primary  source  considered  was  tracking  station  location  (10  foot 
spherical,  excepting  master  station  longitude).  Since  all  satellites  fall 
into  a  single  inclination,  period,  and  near  circular  eccentricity,  the 
geopotential  model  can  be  a  very  simple  one,  with  higher  order  terms  folded 
back  on  lower  order  terms.  By  solving  for  a  model  appropriate  to  this  orbit, 
in  an  off-line  environment,  the  effects  of  geopotential  errors  are  negligible. 
This  overall  simulation  approach  is  shown  in  Figure  8-3 


The  simulation  results  are  presented  in  Figures  8-4  and  8-5.  For  a  detailed 
analysis  of  the  results  see  Part  II,  Report  C-9.  Both  processing  concepts  are 
capable  of  meeting  design  goals  on  UERE  in  the  twelve-foot  range. 

6.0  DATA  FILTERING  CONCEPTS 

The  purpose  of  the  linear  filter  is  to  obtain  an  optimal  estimate  of  a  state 
vector,  x,  which  is  observed  at  discrete  times,  t^.  The  dynamics  of  the  problem 
relate  x  at  d-'ffcrent  times  by  the  process: 

x(k+l)  =  4(k)  +  w(k)  (1) 

where 

$(k)  is  the  state  transition  matrix  from  t^  to  t^^ 

and 

w(k)  is  a  purely  random  Gaussian  vector  with  zero 

mean  due  to  process  noise. * 

The  observation  equation  is 

z (k)  =  H(k)  x  (k)  +  v(k) 

where 

H(k)  is  the  sensitivity  matrix  (partial  derivatives  of 

the  observations,  z,  with  respect  to  the  state) 

and 

v(k)  is  another  purely  random  Gaussian  vector  with  zero 

mean  due  to  observation  noise. 

Also,  w(k)  and  v(k)  are  assumed  to  be  independent. 

The  literature  provides  three  comparative  analyses  (Reference  1,  2,  3)  cf 
alternative  filt  *  formulations  available.  Those  that  were  considered  most 
applicable  to  GFS  requirements  include: 

1  Reference  3  considers  the  process  noise  to  be  in  variables  other  than  the  state 
vector.  While  this  causes  slightly  more  computation  in  the  time  update,  the 

statistical  effect  is  the  same. 


•  Kalman  Filter 

* 

The  Kalman  Filter  updates  the  covariance  matrix  of  the  state  vector  by 
P(k)  =  0(k)  P(k-l)  ^T(k)  +  Q  (k) 
where  Q (k )  is  the  covariance  matrix  of  the  process  noise. 

The  state  vector  is  update  by  Equation  (1),  i.e., 
x(k)  *  i^(k)  x  (k-1) 
and  corrected  by 

x+(k)  =  x (k)  +  K  [ z  (k )  -  H(k)  x  (k)] 

where  the  Kalman  gain  matrix  is 

K  =  P(k)  HT(k)  [H (k)  P(k)  HT(k)  +  R(k)]  "1 
and  where  R(k)  is  the  covariance  matrix  of  the  observation  noise  V(k). 

The  covariance  matrix  incorporates  the  new  observation  by 
P+(k)  =  P(k)  -  KH(k)  P(k) 

•  Stabilized  Kalman  Filter 

The  last  equation  is  modified  to 

P+(k)  =  [i  -  K  H(k) J  P(k)  [i  -  K  H(k)]  T  +  K  R(k)KT 

where  I  is  the  identity  matrix  of  appropriate  rank.  This  modification  essentially 
preserves  the  symmetrical  properties  of  P(k),  makes  the  filter  less  susceptable  to 
numerical  roundoff,  and  allows  the  filter  to  generate  correct  covariances  regardless 
of  the  degree  of  optimality  of  K. 

^Notation  is  continued  from  main  text.  Superscript  T  denotes  the  transpose; 

negative  superscript  denotes  the  inverse  of  the  matrix;  plus  superscript  „  .  . 
denotes  a  value  after  measurement  incorporation. 


•  Square  Root  Filters 

Square  root  estimators  attempt  to  achieve  the  same  degree  of  numerical  stability 
as  the  stabilized  Kalman  but  with  fewer  computational  penalties. 

The  differences  in  the  square  root  formulations  occur  in  the  incorporation  of 
the  measurements.  The  index  k,  relating  to  the  measurement  at  t^,  will  hence¬ 
forth  be  omitted. 

•  Potter  Square  Root  Filter 

The  square  root  of  the  covariance  is  defined  by 
T 

SS  =  P 

This  is  used  to  compute 
f  *  SXH 

For  one  measurement 

a  =  r  +  fTf 

where  r  is  the  variance  of  the  measurement  (corresponding  to  R  above) 

^  =  1/(0.  +v€  r) 

b  -  Sf 


x+  =  x  +  (z  -  Hx) 
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Andrews  Square  Root  Filter 


For  more  than  one  measurement 

T  T 

UU  =  R  +  f  f 

+  -T  -IT 

S  =  S  -  SfU  (U  +  G)  f 

where  the  square  foot  of  the  measurement  covariance  matrix  is  defined  by 
T 

GG  -  R 

x+  =  x  +  Sf(UU^)  ^  (z  -  Hx) 


•  Carlson  Triangular  Formulation 


Carlson  picks  an  upper  triangular  root  for  the  matrix  which  updates  S 
S+  =  SA 

A  =  [I  -  ffT/a]  * 


This  matrix  is  found  by  Cholesky  decomposition.  The  algorithm  is  given 
explicitly  in  Appendix  B  of  Reference  2. 


The  candidates  considered  by  Gura  and  Bierman  (Reference  1)  include: 


a)  the  Kalman  filter  with  updating  only  after  a 
group  of  v  observations. 

b)  the  stabilized  Kalman  filter  attributed  to 
Joseph  in  Reference  2. 

c)  Sequential  Least  Squares 

d)  Potter  Square  Root 

e)  Bellantoni  and  Dodge  Square  Root  (this  is  not 
considered  here  since  it  requires  a  time  con¬ 
suming  computation  of  eigenvalues  )>  and 

f)  Andrews  Square  Root 
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Finally,  G.  J.  Bierman  (Reference  3)  considers 

a)  Kalman  (Covariance  Filter) 

b)  Sequential  Least  Squares  (Information  Filter) 

c)  Covariance  Square  Root 

d)  Information  Square  Root 

These  names  are  rather  descriptive  but  (cl  is  shown  to  be  equivalent  to 
Potter  (d  above)  yet  is  called  Householder  update  while  (d)  is  called 
"Potter  update".  Finally,  in  Table  VII  of  Reference  3  among  several  other 
misprints,  "Potter"  and  "Householder"  are  obviously  interchanged.  "Potter" 
seems  to  mean  the  RSS  formulation  of  Reference  ?. 

The  following  scenario  was  assumed  in  using  the  formulas  of  the  references 
to  evaluate  the  above  linear  filters  in  terms  of  their  relative  operation  and 
storage  requirements;  100  well-distributed  single  observations  on  each 
satellite  in  twelve  hours.  All  counts  will  be  per  satellite. 

Reference  1  ignores  add  instructions,  assuming  tha"  the  total  instruction  count 

will  be  proportional  to  the  result  thus  obtained.  Table  8-1  gives  the  number  of 
multiples  from  the  formulas  of  Reference  1,  assuming  that  process  noise  is  not 
accounted  for.  Table  8-1  shows  also  the  same  counts  from  Referen^t  3.  Where 
comparative  values  are  available,  the  agreement  between  these  references  is 
excellent. 

The  application  of  process  noise  is  assumed  to  be  applied  between  batches  of 
observations  in  Reference  1.  This  is  in  conflict  with  the  assumption  of  well 
distributed  single  c  rvations  made  above.  In  the  GPS  there  may  be  Fata  gaps 

which  could  be  used  t  iefine  batches,  yet  "deweighting"  only  between  the  last 

observation  before  the  data  gap  and  the  first  observation  after  the  gap  (and  not 
during  the  batch)  ip  not  strictly  correct.  Nevertheless,  this  assumption  was 
made  in  Reference  1  because  to  do  other  wise  would  increase  the  computational 
cost  tremendously.  Reference  2  seems  to  make  a  similar  assumption.  The  added 
computation  then  will  amount  to  a  few  hundred  multiples  except  in  the  Kalman 
filters.  The  Kalman  filters  can  incorporate  an  additive  deweighting  matrix  without 
any  multiply  instructions. 


The  effect  of  the  process  noise  computation  at  every  observation  time  is  shown 
in  Table  8-2.  It  is  assumed  that  the  covariance  matrix  is  only  updated  once 
per  batch.  The  apparent  contradiction  is  resolved  when  it  is  remembered  that 
the  state  vector  for  orbit  determination  consists  of  correc tions  to  och 
parrmeters.  Furthermore,  satellite  positions  are  obtained  from  ephemorides 
which  are  not  changed  during  a  batch.  The  basic  data  for  Table  8-2  comes  from 
Reference  2  except  that  the  additional  formulation  count  for  the  Potter  square 
Root  Filter  was  taken  from  Reference  1. 

The  tables  indicate  that  the  Carlson  Triangular  formulation  is  preferable  when 
no  process  noise  is  present  (except  when  least-squares  can  be  used).  It  must  be 
preferred  to  the  Standard  Kalman  filter  on  the  basis  of  numerical  stability.  It 
should  be  pointed  out  that  no  advantage  from  partitioning  (See  Reference  2, 

Equations  31  and  32)  was  assumed.  The  published  algorithm  in  Reference  1,  treats 
each  observation  as  an  independent  measurement. 

Formulas  for  storage  requirements  are  also  given  in  Reference  1  and  Appendix  B. 

When  the  number  of  st-.’te  variables  is  much  larger  than  the  number  of  observables 
at  one  i ime  point  (as  in  GPS)  the  ranking  is 

Least  -  Kalman  (Standard  and  Stabilized) 

Middle  -  Square-Root  Filters 

Most  -  Least  Squares 

Additional  analysis  of  these  filtering  concepts  may  be  found  in  Appendix  B. 

These  factors,  and  the  analysis  of  Appendix  B,  tend  to  suggest  that  the  sequential 
least  squares  algorithm  with  deweighting  between  batches  to  account  for  process 
noise  is  the  most  efficient  for  GPS  applications.  However,  due  to  the  fact  that  process 
noise  in  the  GPS  is  expected  to  contain  higher  frequency  components  due  to  clock 
state  noise,  the  Carlson  recursive  estimator  was  chosen  over  batch  least  squares 
because  of  its  added  flexability  in  handling  such  processes  and  over  the  Kalman 
because  of  its  superior  numerical  stability.  The  baseline  orbit  support  system, 
described  in  lection  7.0,  will  thus  utilize  a  Carlson  Square  Root  estimator  for 
both  ephemeris  and  clock  state  estimation. 

Ref.  1  Gura  and  Bierman  "Computational  Efficiency  of  Linear  Filtering 
Algorithms,"  Aerospace  TR  0059(6521-01)-1. 

Ref.  2  Carlson  "Fast  Triangular  Formulation  of  the  Square  Root  Filter," 

AIAA  Journal,  Sept.  1973. 

Ref.  3  Bierman,  G.  J.  "A  Comparison  of  Discrete  Linear  Filtering  Algorithms," 

IEEE  Transactions  on  Aerospace  ^Electronic  Systems,  AES-9,  Jan.  1973. 


TABLE  8-1 

MULTIPLICATIONS  EXECUTED 
(No  Process  Noise) 


-W; 


Method 

Reference  1 

Reference  2 

Standard  Kalman 

23,050 

23,880 

Stabilized  Kalman 

186,550 

188,150 

Least  Squares 

13,500 

Not  Available 

Potter  Square  Root 

37,300 

36,877 

Andrews  Square  Root 

37,900 

Not  Available 

Carlson  Triangular 

Not  Available 

23,313 

TABLE  8-2 

EQUIVALENT  MULTIPLICATIONS  EXECUTED 
(With  Process  Noise) 


Method 

Standard  Kalman 

23,880 

Stabilized  Kalman 

188,150 

Potter  Square  Root 

91,750 

Carlson  Triangular 

82,713 
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BASE  LIKE  GiiBIT- SUPPORT  RECOMMENDATION 


Previous  sections  have  described  two  candidate  ephemeris  and  clock  model  deter¬ 
mination  concepts  and  have  compared  these  in  terms  of  accuracy,  legacy,  and 
cost/schedule  risk.  Based  upon  these  analyses,  the  distributed  processing 
concept,  in  which  both  satellite  and  ground  clock  states  are  estimated,  has  been 
adopted  for  the  baseline  configuration.  This  concept  also  lends  Itself  readily 
to  the  utilization  of  external  (GFE)  software  and  computer  resources  to  accom¬ 
plish  those  functions  normally  requiring  ‘'big"  computers,  eg.,  calibration, 
ephemeris  integration,  and  computation  of  an  ephemeris  of  state  transition  matrices 
(or  "partials").  By  proposing  the  consideration  of  GFE  computational  and 
intellectual  resources  available  at  NWL,  particularly  during  the  demonstration 
phase,  the  remaining  GPS  orbit  support  tasks  can  be  accomplished  on  small  scale 
computers,  with  small  non-recurring  investment  and  excellent  legacy. 

This  proposed  baseline  is  shown  in  Figure  8-6.  Three  functions  are  involved: 

•  Off-Line  Calibration  Processor:  A  program  such  as  CELESTE  to 
produce  ephemerides  and  state  partials  (state  transitions), 
and  to  provide  calibration  support  in  sensor  locations, 
refraction  modeling,  and  (possibly)  a  priori  clock  state  models. 

Greater  operational  flexibility  is  afforded  by  the  ability 
to  produce  these  reference  ephemerides  over  extended  time 
periods,  to  a  level  of  precision  (tentatively  1500  meters) 
where  the  linearity  of  the  process  will  permit  non-iterative 
on-line  filtering  techniques  and  ephemeris  updating  through 
the  state  transition  matrix.  (To  accomplish  this  extended 
precision  goal,  the  calibration  process  should  extend  to  such 
areas  as  geopotential  modeling  with  satellite  altitude.)  This 
processing  support  can  be  absorbed  within  the  GPS  program  as 
the  system  matures. 


*  While  range  difference  data  from  all  stations  will  meet  the  Phase  I 
specifications  on  ephemeris  contribution  to  UERE,  the  application  of 
ranging  data  from  one  of  the  stations  (preferably  Alaska)  provides 
improved  world-wide  distribution  of  UERE,  and  the  baseline  incorporates 
this  data  type.  The  processing  concept  remains  distributed,  insofar  as 
the  Ephemeris  processing  is  concerned;  in  the  Ephemeris  processing  the 
satellite  clock  parameters  are  also  estimated,  relative  to  the  (master) 
clock  at  the  station  for  which  ranging  data  are  processed.  Simulation 
data  presented  earlier  (Figure  D  and  E)  for  the  distributed  concept  is 
modelled  against  this  baseline. 


On-Line  Ephemeris  Correction  Processor:  A  program  which  cyclically 
updates  the  reference  ephemerides,  one-by-one,  utilizing  range- 
difference  data.  The  baseline  has  been  modeled  after  the  program 
MUSTANG  (a  subroutine  in  FORD,  the  AOES  prototype)  utilized  for 
similar  ephemeris  improvement  applications  in  force  model  studies, 
satellite  accelerometer  data  reduction,  etc.  Extensive  experimentation 
with  MUSTANG,  utilizing  rang'1  difference  data  and  several  filter 
concepts,  has  been  undertaken  to  evaluate  sizing,  speed  and  accuracy. 

On-Line  Clock  Calibration  Processor:  A  program  which  updates  the 
states  of  all  clocks  (except  reference  clock),  utilizing  pseudo¬ 
range  data  and  the  updated  ephemerides.  Considering  offset  and  rate 
as  clock  model  states  to  be  estimated,  the  total  number  of  'olution 
parameters  will  not  exceed  60  for  the  full-matured  system. 
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Figure  8-6  Distributed  Processing  Ephemeris  Determination  Concept 
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CORRECTOR  SIMULATIONS 
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Corrector  Simulations 

Simulation  results  of  the  corrector  using  the  Kalman  estimator  have  been 
obtained  during  ^-cesting  of  orbital  element  corrections.  Six  cases  are 
presented  where  a  3  x  10  ^  error  introduced  into  one  of  the  elements  was 
successfully  removed  by  the  corrector. 

Ranges  were  computed  over  15  days  at  one-hour  intervals  to  two  stations 

located  14°N,  -145°W  and  22°N,  158°W.  These  simulated  observations  were 

forced  to  reflect  a  0.3  meter  standard  deviation  in  the  ranges.  A  priori 

-14 

statistics  to  the  Kalman  filter  were  10  for  the  mean  motion  solution 
parameter  and  10  ^  for  all  of  the  other  FG  elements. 


The  force-models  considered  throughout  included  a  12th-order  geopotential, 

the  gravitational  attraction  of  the  sun  and  the  moon  and  the  solar  radiation 

2 

pressure.  The  radiation  pressure  parameter  adopted  was  0.084  cm  /gm. 


Table  1  lists  the  initial  values  of  the  nominal  orbital  elements  and  the 
number  of  observations  simulated  over  the  15-day  fit-span. 

TABLE  1.  ORBITAL  ELEMENT'S 


Satellite 

a(e.r .) 

e 

fl(de.g) 

_yj _ 

Lq  (deg) 

#  Obs 

A 

4.172 

io'4 

63 

165 

0 

285 

264 

B 

4.172 

io'4 

63 

285 

0 

165 

256 

I. 

c 

4.172 

1 

O 

r— H 

63 

45 

0 

45 

259 

Range  differences,  obtained  by  differencing  successive  ranges,  were  the 
observations.  In  Table  2  are  presented  the  ephemeris  errors  in  meters 
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TABLE  2 

EPHEMERIS  ERRORS  (Meters)  BEFORE  AND  AFTER  CORRECTION  WITH  KALMAN  FILTER 
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between  the  "time"  ephemeris  and  the  uncorrected  ephemeris  and  between  the 
"true"  ephemeris  and  the  corrected  ephemeris.  This  analysis  also  demonstrates 
the  linear  quality  and  stability  of  Lhe  error  growth  rate  over  15  days. 

Sensitivity  tests  were  conducted  on  satellite  C  where  the  only  force-model 
considered  was  the  geopotential.  Range  observations  were  simulated  at 
15-minute  intervals  from  five  stations  located  at  (58°N,  152°W) ,  (14°N,  -145°W), 
(22°N,  158°W),  (35°N,  121'W)  and  (43°N,  71°W).  The  range  observations  were 
made  to  represent  a  standard  deviation  error  of  1  meter. 

Differences  were  computed  between  ephemerides  generated  with  a  full  12th- 
order  geopotential  and  ephemerides  obtained  with  the  geopotential  function 
truncated  to  a  lower  order.  Two  cases  are  presented,  one,  for  a  truncated 
6th-order  geopotential  where  the  harmonics  ignored  produce  no  errors,  that 
is,  where  the  standard  deviation  from  the  ephemeris  errors  over  3600  minutes 
is  0.05  meters  (less  than  the  observations'  1  meter);  the  other  case  is  a 
truncated  4th-order  geopotential  where  the  errors  between  ephemerides 
computed  before  and  after  correction  have  been  reduced  as  follows: 


ERROR 

BEFORE 

CORRECTED 

(METERS) 

Maximum 

9.0 

3.6 

Mean 

2.9 

1.9 

RMS 

3.7 

2.0 

a 

2.3 

0.7 

The  results  are  presented  graphically  in  Figures  1  an^  2  showing  radial  (U) , 
in-track  (V),  and  cross-track  (W)  errors  remaining  over  fit-intervals  of 

1  day  (184  range  observations),  1^  days  (254  observations),  and  2  days 
(363  observations)  each  followed  by  a  12-hour  prediction  period  . 

,  ....  A-3 
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Figure  1  Ephemeris  Error  With  Truncated  6th-0rder  Geopotential 


Su.  jary 

A  trade  study  concerning  several  alternative  concepts  and  implementation 
techniques  for  the  online  operational  ephemeris  determination  and  clock 
calibration  functions  was  performed.  The  alternatives  considered  were 
first  a  distributed  processing  concept  utilizing  a  corrector  technique 
for  orbit  determination  in  the  form  of  MUSTANG  or  CELESTE,  a  non-corrector 
technique  in  the  form  of  TRACE  sequential  batch  least  squares  or  AOES,  and 
a  multisatellite  clock  calibration  process  utilizing  sequential  batch  or  a 
recursive  filter. 

The  second  processing  concept  consisted  of  a  simultaneous  multisatellite 
orbit  determination  and  clock  calibration  process  utilizing  a  sequential 
batch  corrector,  recursive  corrector,  or  TRACE  sequential  batch  non-corrector. 

The  recursive  filter  algorithms  that  were  evaluated  were 

•  standard  Kalman 

•  stabilized  Kalman 

•  Potter  square  root  and 

•  Andrews  square  root 

At  the  time  this  analysis  was  conducted,  the  Carlson  triangu’ar  filter  was 
not  under  consideration.  As  discussed  in  Report  C-8,  however,  this  filter  is 
competitive  with  the  standard  Kalman  in  terms  of  computational  requirements 
yet  has  superior  numerical  stability. 

All  alternative  concepts/processes  were  compared  with  each  other  using  the 
following  criteria: 

•computational  requirements 
•accuracy 

•  cost 

•technical  risk 

•  legacy 

The  corrector  processes  are  differentiated  from  the  non-corrector  processes 
by  the  fact  that  they  are  non-iterative  processes  which  compute  corrections 
to  an  existing  or  "reference"  ephemeris  and  do  not  require  numerical 
integration  of  vehicle  orbits  online. 

The  results  of  this  effort  and  recent  simulations  indicate  that  the  distributed 
corrector  process  is  the  preferred  approach  yielding  user  accuracies  which  are 
nearly  equivalent  to  those  of  the  simultaneous  process. 
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Wichin  Che  distributed  concept/corrector  process,  MUSTANG  and  CELESTE 
shcu  Ld  be  virtually  equivalent  to  each  other  except  in  software  development 
costs  and  the  proven  capability  subcategory  of  technical  risk.  For  this 
reason,  MUSTANG  is  recommended  over  CELESTE  for  orbit  determination. 


As  for  clock  calibration,  the  sequential  batch  estimator  is  preferred 
over  the  recursive  estimator  primarily  on  the  basis  of  computational 
efficiency.  Although  the  recursive  estimator  would  be  more  flexible  in 
modeling  non-s tationary  measurement  noise  and  clock  state  noise  the  amount 
of  additional  accuracy  that  would  be  obtained  if  this  were  done  properly 
is  somewhat  in  question.  Also,  although  the  sequential  batch  estimator 
does  not  allow  a  practical  application  of  clock  state  noise  within  a 
data  batch,  it  does  allow  a  pseudo  application  of  it  between  batches  in 
the  form  of  batch  deweighting. 


Filter  Equations 


System  Model 


The  equations  used  in  the  sequential  batch  and  recursive  estimators  are  based  upon 
a  linear  system  model  of  the  form  '  , 


X  (k+l) 


jt%r 

=  0(k,k+i")  r( k')  r,  {k+l) 


Y  (k+l)  =  M  (k+l)  X  !!  )  i- w  (k+1) 


where 


X  (k+l)  = 


An  (n  x  l)  vef4"!  which  describes  the 
system  stale  at  time  tk+] 


An  (n  x  l)  vector  which  describes  the 
syst am  state  at  +  ime  t^ 


0(k,k+l)  = 


The  state  transition  matrix 


Y  (k+l)  = 


An  (m  x  l)  vector  of  observations  taken  at 
time  t|<+i  which  are  linearily  related  to 
the  system  state  vector  at  time  t]<+i 
through  the  "measurement  matrix"  M  ( k-i  1 ) 


Si 
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II 


r  (k+l) 


an  (n  x  l)  vector  of  "state  noise" 
processes  which  reflect  random  disturbances 
acting  on  the  system  state 


w(k+l)  =  an  (m  x  l)  vector  of  "measurement  noise" 

which  reflect  errors  in  the  observations 

The  statistics  of  r  and  w  are  assumed  to  be  known  and  given  by 

(3)  E  jr)  =  E  |  w  | 


T 

(4)  E  jr  (k)  r  ( j)  j 


(5)  E  (  w  (k)  w  ( j)  | 

where  E  j  |  is  the  expected  value  operator,  R(k)  is  the  covariance  matrix  of 
r,  and  w(k)  is  the  covariance  matrix  of  w.  Equation  (3)  indicates  that 
r  and  w  are  assumed  to  have  zero  mean  whereas  equations  (4)  and  (5)  assume 
that  r  and  w  are  uncorrelated  in  time.  Although  these  assumptions  at  first 
seem  to  be  quite  presumptuous,  further  analysis  indicates  that  they  are  not. 

For  example  if  the  observations  contain  biases  and  have  time  correlated  random 
errors,  equations  (3)  through  (5)  can  still  be  satisfied  by  adding  the 
observation  biases  and  correlated  portions  of  the  measurement  noise  to  the  system 
state  vector.  Similarly  for  the  vector  of  state  noise  processes. 

The  assumption  of  system  linearity  also  justifies  comment.  Although 

the  GPS  is  by  no  means  a  linear  dynamical  system,  linear  filtering  techniques 

can  still  be  utilized.  This  is  due  to  the  fact  that  the  actual  algorithms 

being  considered  here  are  in  reality  first  order  expansions  about  a  priori 

states. 

In  the  TRACE  sequential  batch  algorithm  for  example,  differential  correction 
techniques  are  exploited  which  are  basically  linearizations  of  the  system  state 
about  some  a  priori  or  "first  quess"  state.  Corrections  to  the  initial  state 
are  obtained  by  weighting  residuals  between  observations  predicted  from  a 
trajectory  generated  with  this  initial  state  and  those  actually  observed. 

These  corrections  are  then  added  to  the  initial  state,  a  new  trajectory 
generated,  and  the  entire  process  repeated  until  either  the  correctors  are  less 
than  some  prespecified  tolerance  or  the  residuals  are  below  some  acceptable  level. 

F  r  the  corrector  process,  again  corrections  are  estimated  for  an  initial  state 
vector.  However,  here  the  cc rrected  initial  state  vector  is  not  used  to 
generate  a  new  trajectory.  An  a  priori  or  "reference"  ephemeris  is  available 
for  the  entire  observation  interval  in  addition  to  times  beyond  the  observation 
interval.  Thus  only  corrections  to  the  reference  ephemeris  are  estimated  and 
these  c  rrections  are  then  algebraically  summed  with  the  reference  to  define  a 
new  ephemeris.  The  process  is  non-iterative  and  requires  no  trajectory 
integration  during  the  filtering  process. 


0 

r  0  if  k  ^  j 

U(k)  if  k  =  j 

(0  if  k  /  j 
^W(k)  if  k  =  j 


Recursive  Estimators 


Standard  Kalman 

The  standard  Kalman  equations  are  given  by 


(6)  X  (k+l/k)  =  *(k+l,k)  X  (k/k) 

T 

(7)  P  (k+l/k)  =  <t>( k+l,k)  P(k/k)  <t>( k+l,k)  +  R(k) 

(8)  B(k+1)  =  P  (k+l/k)  MT(k+l)  [M(k+1)  P( k+l/k)  M(k+l)  +  W(k+l)] 

(9)  X  (k+l/c+1)  =  X  (k+l/k)  +  B(k+1)  [  Y  (k+l)  -  Y  (k+l/k)] 

(10)  Y  (k+l/k)  =  M(k+1)  X  (k+l/k) 

(11)  P(k+l/k+l)  =  [i  -  B (k+l)  M(k+1)]  P (k+l/k) 


where 

X  (k+l/k)  =  estimate  of  the  system  state  vector  for  time  t  ^ 

based  upon  data  through  time  t^  (predicted  state) 

X  (k/k)  =  estimate  of  the  system  state  vector  for  time  t^  based 

upon  data  through  time  t|< 

P(k+l/k)  =  a  priori  covariance  matrix  of  the  system  state  vector 
for  time  t^+j  predicted  from  time  t^. 

B(k+l)  =  measurement  weighting  matrix  at  time  t^+^ 

Y  (k+l/k)  =  predicted  measurement  vector  for  time  t^+i  from 
data  through  time  t^ 

P(k+l/k+l)  =  covariance  matrix  of  system  state  vector  at  time 
t|<+^  based  upon  data  through  time  tj<+^ 

Stabilized  Kalman 


The  stabilized  Kalman  is  identical  to  the  standard  Kalman  except  that  equation  (ll) 
is  replaced  with 

(12)  P  (k+l/k+1)  =  C(k+l)  P (k+l/k)  C(k+1)+  B(k+1)  W(k+l)  B (k+l) ‘ 


where 

(13)  C ( k+l )  =  I  -  B(k+1)  M(k+1) 

Replacing  (ll)  with  (12)  essentially  preserves  the  symmetrical  properties  of 
p(k) ,  makes  the  filter  less  susceptable  to  numerical  roundoff  and  allows  the 
filter  to  generate  correct  covariances  regardless  of  the,  degree  of  optimality  of 
the  filter  weighting  matrix  B(k). 
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Potter  Square  Root 

The  Potter  square  root  algorithm  attempts  to  achieve  the  same  degree  of 
numerical  stability  as  the  stabilized  Kalman  estimator  but  with  fewer 
computational  penalties.  The  equations  are 


X  (k+l/k) 


(15)  \/p(k+ 


l/k)  ={[0(k+l, 


k)VP(k+l 


0( k+l/k)  X  (k/k) 


t+l,k)N/P(k+l 


+  R(k+1) 


|0(k+l,k)  P (k+l/k)  0(kHl,k)  +  R(k+l)J 


-1 

G(k+l)  M  (k+1) 

-1 

G(k+l)  Y  (k+1) 


■■■  ,V 

1 

(®1>  ^2’  *  *  '  >  fy^) 


(18)  W  (k+1)  =  G(k+1)  G(k+1) 

The  above  m  observations  are  then  processed  as  follows 

(19)  =  X( k+l/k) 

(20)  ql  (k+1)  =  y/  P( k+l/k) 

(21)  Sj  =  Q.1 


CL-  —  S.  S-  +  1 
1  1  1 


3i+  1=  Qi  -  Qi  S.  [  S.  /  (a.  +  /a7  )] 


i  =  1,2, 


*i+l  =  ^i  +  Qi  Si  f  {6i  "ft  *  iM )  1 


fP  (k+l/k+l)  =  q 


(26) 


(36) 


The  sequential  batch  least  squares  estimator  is  a  non-recursive  estimator 

due  to  the  fact  that  it  processes  data  batches  to  obtain  one  state  vector 

update  per  d^ta  batch  whereas  the  recursive  estimators  obtain  a  state  vector 

update  after  processing  either  a  single  observation  or  an  observation 

vector.  The  other  significant  difference  is  the  inability  of  the  sequential 

batch  estimator  to  handle  state  noise  within  a  data  batch.  That  is  the 

system  model  is  assumed  to  be  perfect  within  the  batch.  However,  if  the 

data  batch  does  not  cover  a  larger  dynamical  time  span  than  is  accurately  described 

by  the  system  model,  no  problem  should  occur  provided  deweighting  between  batches 

is  performed. 


The  equations  for  the  sequential  batch  estimator  are 


-1  L-l  T 


(37)  P(o/Lv) 


p(o)  +  ^  <A  ( jv  +  1,  o) 


jv+v  T  -l 


i‘  W  Mjl  <t>  ( jv  +  1, 


'  ~  iv+1 


(38)  P (Lv/Lv)  =  4>[(L-1)  v  i  1,  I  <t>  |  +  1* 

L 

L-i  T 

(39)  X( Lv/Lv)  =  <t>  [(L-l)  v  +  1,  o]  •  X  (o)  +  P(o/Lv)  ^  (jv  + 

f  yjj  Mi  W  [x(i)  -  1  (i/o)]\  _ 

\  i=jv+l  /  . 


Mi  W  [jr(i)  “  1  (i/°)]\  I 


i=jv+l 


(40)  £(i/o)  =  M ( i )  <j)(  jv  +  1,  o)  X  (o) 


where  v  is  the  number  of  data  vectors  used  in  each  state  vector  updct.e  and  L  is  the 
number  of  updates.  p(o)  and  X  (o)  are  respectively  the  covariance  matrix 
of  the  estimate  and  the  estimate  obtained  from  the  previous  data  batch. 


- - ggMj&jw 
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Assumptions  About  the  Implementation  Alternatives 


In  comparing  the  several  concepts  and  alternatives,  assumptions  had  to  be 
made  concerning  the  basic  nature  of  each  process.  These  were 


.  MUSTANG  -  a  corrector  process  which  computes  corrections  to  a  reference 
ephemeris  obtained  from  an  off  site  facility  such  as  the 
Naval  Weapons  Laboratory  (NWL).  This  could  utilize  either  a 
sequential  batch  or  a  recursive  estimator  to  compute  these 
corrections. 

.  CELESTE  -  essentially  the  same  as  MUSTANG  in  its  processing  concept 

except  that  the  corrector  portion  is  a  subset  of  the  complete 
program  since  in  its  present  configuration  it  contains  a 
package  for  reference  ephemeris  generation. 

.  TRACE  sequential  batch  -  an  iterative  differential  correction  process 
that  requires  trajectory  integration  at  each  iteration. 


.  AOES  -  essentially  a  sequential  batch  or  batch  process  similar  to 
TRACE  but  with  limited  accuracy  and  flexability. 


In  order  to  obtain  a  feel  for  the  number  of  computations  required  by  the 
sequential  batch  and  recursive  algorithms,  operation  and  storage  totals  were 
computed  for  each  one  assuming  several  methods  of  implementation.  Also,  to  obtain  a 
feel  for  the  growth  of  these  requirements  as  the  Global  Positioning  System  (GPS) 
matures,  these  totals  were  obtained  for  each  phase  of  the  program. 

In  order  to  accomplish  this,  several  assumptions  also  had  to  be  made  about  the 
ground  system  configuration  and  the  data  collection  rate  for  each  phase.  The 
following  summarizes  these  assumptions: 

Phase  I 

.  4  space  vehicles 

.  28  orbit  determination  parameters  1, 7  per  vehicle) 

.  14  clock  parameters (2  per  vehicle,  2  per  monitor  station) 

.  4  ground  stations 
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Phase  II 


9  space  vehicles 

63  orbit  determination  parameters 
24  clock  parameters 
4  ground  stations 

Phase  III 


24  space  vehicles 

168  orbit  determination  parameters 

56  clock  parameters 

5  Ground  Stations 


During  a  24  hour  period,  there  will  be  two  passes  for  each  vehicle  over  all 
ground  stations  and  the  average  pass  duration  will  be  240  minutes.  Although 
not  all  vehicles  are  seen  by  all  stations  twice  a  day,  this  assumption  simplifies 
the  analysis  without  significantly  affecting  the  results.  Also,  the  assumption 
of  equal  length  passes  of  240  minutes  is  not  quite  true,  but  averaged  over 
24  hours  the  net  effect  of  this  differences  is  again  not  significant.  The 
data  rate  was  assumed  to  be  one  smoothed  sample  every  15  minutes  during  a 
visibility  period. 

The  equations  used  to  generate  operation  and  storage  counts  for  these  algorithms 
were  obtained  directly  from  reference  1.  They  exploit  matrix  symmetry  where 
possible  and  assume  that  a  priori  and  aposterori  filter  elements  share  common 
storage  locations.  Also,  matrix  inversion  when  performed,  is  assumed  to  be 
accomplished  by  Cholesky  factorization.  The  equations  used  are  reproduced  in 
TABLES  A,  B  and  C  for  convenience.  In  these  equations,  the  following  definitions 
apply: 


L  »  number  of  dynamical  updates  in  the  interval  of 
comparison 

M  =  number  of  observations  received  at  one  time 

N  «  number  of  state  variables  upaated 

V  =  number  of  data  vectors  of  length  M  received  between  system 

updates 

Q  =  number  of  multiplications  required  for  square  root 

extraction  (assumed  to  be  7) 

It  must  be  mentioned  here  that  these  equations  only  represent  the  number  of 
operations  (primarily  multiplications)  required  to  cycle  the  filter  equations  and 
do  not  reflect  those  operations  which  are  required  to  obtain  the  transition  matrix 
0,  to  compute  the  measurement  sensitivity  matrices  M,  or  to  handle  bookkeeping 
requirements.  Likewise,  the  storage  counts  only  reflect  the  storage  required  by 
the  filter  equations  and  their  respective  data. 


Implementation  Methods  Considered 


Several  methods  of  use  for  the  sequential  batch  and  recursive  estimators  were 
considered.  Basically  these  variations  were  associated  with  the  amount  of 
data  that  are  incorporated  into  state  vector  updates  and  the  number  of  states 
updated  during  each  filter  cycle. 


For  the  sequential  batch  estimator  there  were  three  methods  considered. 
These  were: 


.  one  state  vector  update  in  24  hours  utilizing  a  data  batch 
containing  24  hours  of  data 


.  two  state  vector  updates  in  24  hours  utilizing  a  12  hour  data 
batch  and 


.  minimum  subset  updating  whereby  each  station  pass  (a  data  batch) 
is  used  to  update  only  those  states  which  are  observable  in  that 
particular  pass. 


For  the  recursive  estimators  again  three  basic  methods  of  use  were  considered. 
These  were: 


full  state  vector  updating  with  each  observation 

full  state  vector  updating  with  each  observation  vector  and 


minimum  subset  updating  whereby  each  observation  is  used  to  update 
only  those  states  which  are  observable  in  that  particular  observation. 


Table  D  summarizes  the  implementation  methods  which  were  considered  in  addition 
to  listing  the  L,  M,  V  and  N  values  associated  with  each  method.  This  is  provided 
for  the  distributed  processing  concept,  the  simultaneous  multisatellite  processing 
concept,  and  for  all  three  phases. 


Results  and  Conclusions 


The  results  obtained  for  the  storage  and  operation  totals  with  the  various  methods 
of  implementation  considered  above  are  contained  in  TABLES  G  through  V.  Pictorial 
summaries  are  provided  in  figures  1  through  6.  The  results  of  these  data  are  also 
summarized  in  TABLES  E  through  G  where  the  algorithms  (segmental  batch  or  rf.cursive 
process)  are  listed  in  order  of  lowest  requirement.  This  was  done  on  the  basis  of 
the  number  of  operations  required  over  24  hours,  the  number  of  operations  required 
per  system  update  (i.e.  to  update  every  element  in  the  system  state  vector  at  least 
once),  and  storage  (equations  and  data  only). 


Note  that  the  sequential  batch  algorithm  consistently  ranks  first  in  the  fewest 
number  of  computations  received  over  24  hours  with  the  stabilized  Kalman  always 
requiring  the  most.  When  the  number  of  operations  per  system  update  are  used 
for  the  ranking  criteria,  the  order  is  reversed  with  the  recursive  estimators 
(the  standard  Kalman  in  particular)  appearing  first  except  is  the  case  of  clock 
calibration  exploiting  minimum  subset  updating.  Here  the  sequential  batch 
estimator,  with  one  pass  equal  to  a  data  batch,  is  slightly  better.  Also,  the 
recursive  estimators  require  the  least  amount  of  storage. 
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An  attempt  was  also  made  to  produce  an  overview  matrix  for  the  entire  list 
of  alternatives  and  to  assign  scores  to  each  alternative  for  each  category  of 
comparison.  This  overview  matrix  is  presented  in  TABLE Y  .  For  each  alternative 
concept,  a  score  from  1  to  5  was  assigned  indicating  whether  that  particular 
alternative  had  a  high  computational  requirement  (if  so  it  was  assigned  a  low 
number)  ,  had  a  high  cost  associated  with  its  development  (again  a  low  number  was 
assigned),  or  had  a  low  technical  risk  (if  so  a  high  number  was  assigned),  etc. 

For  simplicity,  equal  weigh  was  given  to  all  categories  and  the  scores  were  summed 
to  produce  an  overall  score  for  each  approach. 

In  general,  during  the  scoring  process,  those  alternatives  which  are  non-corrector 
processes  were  scored  very  low  in  most  categories  primarily  due  to  their 
requirements  for  larger  computing  facilities  (because  of  their  need  to  numerically 
integrate  vehicle  trajectories)  and  their  high  development  and  maintenance  costs. 

The  overall  results  of  this  effort  reflect  what  probably  should  have  been 
intuitive  namely  that  the  simultaneous  multisatellite  non-corrector  sequential 
batch  process  should  yield  the  best  overall  accuracy  but  at  the  cost  of 
significant  initial  and  recurring  investments.  The  distributed  batch  corrector 
concept  on  the  other  hand,  although  somewhat  degraded  in  overall  accuracy, 
should  require  a  much  smaller  initial  investment,  contain  a  great  deal  of 
legacy  in  the  sense  that  the  algorithm  would  not  have  to  increase  in  size  and 
complexity  as  the  GPS  matures,  and  would  probably  be  more  serviceable  in  the 
event  that  experience  indicates  deficiencies  in  the  original  design. 


TABLE  E  -  RELATIVE  RANKING  OF  ALTERNATIVES  WHEN  USED  FOR 
DISTRIBUTED  ORBIT  DETERMINATION 
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Assumes  One  Estimator  For  Each  Vehicle 


OPERATION  AND  STORAGE  REQUIREMENTS  FOR  SEQUENTIAL  BATCH 
ESTIMATOR  WHEN  USED  FOR  MULTIVEHICLE  CLOCK  CALIBRATION 
(ONE  BATCH  =  ALL  DATA  FOR  ALL  VEHICLES  OVER  24  HOURS) 


TOTAL  STORAGE  930  2,450  11,666 


OPERATION  AND  STORAGE  REQUIREMENTS  FOR  SEQUENTIAL  BATCH 
ESTIMATOR  WHEN  USED  FOR  MULTIVEHICLE  CLOCK  CALIBRATION 
BY  UPDATING  MINIMUM  SUBSET  OF  CLOCK  STATE  VECTOR  WITH  EACH  STATION  PASS 


EQUATION  STORAGE 


TOTAL  STORAGE 


OPERATION  AND  STORAGE  REQUIREMENTS  FOR  RECURSIVE  ESTIMATORS  WHEN  USED 
FOR  MULTI VEHICLE  CLOCK  CALIBRATION  BY  PROCESSING  DATA  VECTORS  CONTAINING 
ONE  SAMPLE  FROM  EACH  VEHICLE/ STATION  LINK  OVER  24  HOURS 


OPFRATION  AND  STORAGE  REQUIREMENTS  FOR  SEQUENTIAL  BATCH 
ESTIMATOR  WHEN  USED  FOR  SIMULTANEOUS  MULTI VEHICLE  ORBIT 
DETERMINATION  AND  CLOCK  CALIBRATION  (ONE  BATCH  =  ALL  DATA  FOR  ALL  VEHICLES  OVER  24  HOURS 
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*Within  Data  Batch 


*Within  A  Data  Batch 
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REPORT  C9,  PART  II 

EPHEMERIS  AND  CLOCK  PROCESSING  SIMULATIONS 


1.0  INTRODUCTION 

In  this  report  four  aspects  of  the  ephemeris  and  clock  processing  are  discussed. 

In  Section  2  the  results  of  simulations  of  the  effects  of  ephemeris  and  clock- 
state  errors  on  the  user  navigation  error  are  presented  and  discussed.  A 
preliminary  discussion  of  the  scope  of  the  simulation  effort,  the  sources  of 
error  considered  and  the  measures  of  performance  used  is  followed  by  a  summary  of 
the  numerical  results  which  is  followed  by  brief  statements  of  conclusions 
drawn  from  those  results. 

Section  3  contains  detailed  descriptions  of  the  conditions  constituting  the 
baselines  under  which  the  investigations  of  this  report  were  conducted.  The 
orbits,  perturbation  sources,  tracking  data  and  network,  parameters  of  the  solution 
vector,  user  considerations,  and  differences  between  the  current  arJ  the  earlier 
(January  30,  1974)  baseline  are  described.  A  table  summarizing  the  concepts 
and  conditions  is  included. 

The  investigations  into  representing  the  ephemeris  to  the  user  are  discussed 
in  detail  in  Section  4.  The  methods  and  errors  are  presented  and  it  is  concluded 
that  the  users  will  be  provided  with  sets  of  sixth-degree  polynomials;  each 
individual  polynomial  representing  a  component  of  the  state  vector  and  each 
set  of  polynomials  representing  a  satellite  ephemeris  over  a  period  of  1  hour 
with  sufficient  sets  available  to  represent  the  ephemeris  of  all  satellites 
for  5  days. 


The  uncertainty  in  a  users  ability  to  determine  his  present  location  relative 
to  a  previous  estimate  of  location  is  the  subject  of  Section  5.  This  relative 
error  is  defined,  investigated,  and  evaluated  for  the  WSMR  user. 

1 . 1  Scope  of  Simulations 


The  simulation  effort  covers  three  sets  of  cases.  The  bulk  of  the  early  simul¬ 
ation  effort  was  concentrated  in  the  multi-satellite  processing  approach  in  which 
all  the  satellite  orbit  elements  and  all  clock  state  parameters  are  solved  for 
simultaneously.  This  approach  was  directly  simulated  by  the  covariance  analysis 
mode  of  the  TRACE  orbit  determination  program.  However,  as  the  computer  processing 
requirements  of  the  later  phases  of  the  GPS  project  became  appreciated,  a  second 
approach  was  investigated  --  the  distributed  processing  approach  in  which  the 
orbital  elements  of  each  satellite  are  solved  for  independently  using  time 
differences  in  range  data,  and  then  using  the  range  data  itself  in  a  separate 
calculation  of  clock  state  parameters.  This  distributed  processing  approach  has 
been  employed  in  two  versions,  referred  to  a3  (1)  the  January  30  baseline  in 
which  the  Vandenberg  site  is  used  for  a  reference  timing  source  aid  (2)  the 
current  ba-seline  with  the  reference  timing  source  taken  at  the  northernmost 
tracking  site  with  the  greatest  span  of  satellite  visibility.  Simulation  results 
for  these  three  cases  are  presented  separately. 

The  design  goal  has  been  stated  to  be  a  user  positioning  accuracy,  or  UERE,  of 
twelve  feet  at  two  hours  after  all  vehicles  have  been  loaded  which  was  assumed 
to  be  three  hours  after  the  end  of  the  48-hour  tracking  span.  Although  bounds 
necessary  for  satisfactory  system  performance  have  not  been  specified  on  the 
magnitudes  of  the  foregoing  errors,  realistic  conditions  have  been  chosen  to 
approach  the  design  goal.  The  degree  to  which  this  has  been  achieved  is  indi¬ 
cated  in  the  results  that  follow. 


Figure  9-1  depicts  the  simulations 


SAT  CLOCK 


1  §2  Sources  of  Error 

Three  sources  of  error  are  considered  in  the  simulation  results  which  follow: 

a.  Noise  in  the  observational  data 

b.  Tracking  station  location  uncertainties 

c.  Errors  in  the  orbital  model 

The  noise  in  the  observational  data  includes  tropospheric  and  ionospheric  model 
error  effects  in  addition  to  receiver  noise  and  effects  of  quantizing  the  data 
when  it  is  reported.  Tracking  station  locations  are  parameters  of  the  overall 
orbit  determination  problem  that  cannot  be  solved  for  on  a  pass-by-pass  basis. 
Following  an  initial  calibration  a  residual  uncertainty  will  exist  in  these 
parameters.  These  uncertainties  are  simulated  in  the  TRACE  runs  through  the  use 
of  Q  parameters.  Likewise,  residual  errors  will  exist  in  the  orbital  model, 
principally  due  to  limited  knowledge  of  the  geopotential.  An  assessment  of  these 
effects  is  also  treated  through  the  use  of  the  Q  parameter  capability  of  TRACE. 

1 .3  Measures  of  Performance 

While  the  ultimate  test  of  system  performance  is  acknowledged  to  be  the  size 
of  the  User  Equivalent  Range  Error  (UERE) ,  some  of  the  results  of  the  simulation 
effort  have  been  expressed  in  terms  of  other  parameter  errors  in  an  effort  to 
provide  additional  information  as  to  how  certain  effects  operate  on  the  total 
error  picture.  The  three  sets  of  parameters  that  are  additionally  used  are 
the  following: 

a.  Satellite  position  error  components  to  show  epheraeris  error  effects 

b.  Clock  state  parameters  (offset  and  drift)  to  indicate  the  behavior 
of  timing  errors 

c.  User  navigation  error  components  (latitude,  etc.)  in  order  to  assess 
individual  contributions  to  the  UERE. 


2.0  PRESENTATION  OF  RESULTS 

The  conditions  for  all  of  the  simulation  results  presented  here  are  defined 
in  detail  in  Section  3  below.  The  salient  features  of  the  error  analysis 
baselines  are  these: 

a.  48  hour  observation  span 

si 

1 1 

b.  15-minutes  between  observations 

II 

c.  Range  data  equivalent  noise  =  5  feet  standard  deviation 

: 

1  I 

d.  Range  difference  data  noise  equivalent  to  range  rate  standard  deviation 

of  0.005  ft/sec.  1 

i 

!  *9 

e.  Tracking  station  location  errors  assumed  to  be  10  feet  spherical. 

i  ?| 

f.  Geopotential  uncertainties  equivalent  to  3%  error  in  ^  and  5% 
error  in  ^ 

g.  Solution  state  vector  comprised  of  six  orbital  elements  plus  solar  | 

radiation  parameter  and  satellite  clock  state  parameters  for  offset  and 
drift. 

2.1  Multi-Satellite  Processing  Results  for  January  30  Baseline 

\ 

Satellite  and  user  position  errors  are  presented  for  the  multi-satellite  processing 

h 

approach  in  three  sets  of  tables,  each  set  corresponding  to  certain  assumptions 
with  regard  to  the  source  of  error.  In  each  case  data  are  presented  for  five 
points  in  the  orbit  corresponding  to  user  observations  at  six  hour  intervals 
(ie,  when  the  satellite  configuration  is  the  same  for  symmetrically  placed  users). 


2.1.1  Influence  of  Measurement  Noise  Alone 


In  Table  9-1  are  presented  the  RSS  satellite  position  errors  for  each  of  the  four 


TRACKING  SPAN 


error  and  the  corresponding  User  Equivalent  Range  Error  (UERE)  for  the  five 
observation  times.  These  values  reflect  only  the  errors  in  range  observations, 
and  assume  that  11  other  parameters  of  the  problem  are  error-free.  This,  of 
course,  is  a  very  optimistic  result,  useful  mainly  for  comparison  between 
processing  approaches  and  as  a  point  of  departure  for  assessment  of  the  extent 
to  which  other  sources  of  error  enter  the  picture. 

2.1.2  Added  Effects  of  Station  Location  Errors 

The  total  effect  of  errors  in  observations  due  to  noise  plus  the  effect  of  un¬ 
certain  tracking  station  locations  is  shown  in  the  data  of  Table  9-2,  which 
presents  satellite  and  user  position  errors  in  the  same  format  as  before.  The 
differences  between  the  entries  in  this  and  the  previous  table  are  due  to  station 
location  errors  and  are  seen  to  be  significant.  As  this  is  a  more  realistic 
treatment  of  the  errors,  additional  detail  on  the  components  of  the  satellite 
position  error  is  presented  in  the  data  of  Table  9-3.  The  greatest  errors  are 
seen  to  arise  from  the  in-track  component.  The  cross-track  effects  are.  unchanging 
in  time.  Both  of  these  characteristics  are  consistent  with  the  dynamics  of  the 
orbit  and  the  type  of  observations  used. 

2.1.3  Added  Effect  of  Geopotential  Uncertainties 

The  composite  effect  of  observation  noise,  station  location  errors  and  uncertainties 
in  the  geopotential  model  on  orbital  and  user  position  errors  is  presented  in 
the  error  data  of  Table  9-4.  Although  the  *-otal  error  is  higher  in  this  case 
than  when  the  geopotential  uncertainty  is  neglected,  the  effect  is  mainly  in 
satellite  position  and  is  not  as  strongly  felt  in  the  user  positioning  accuracy, 
particularly  for  short  prediction  intervals. 

2.1.4  Clock  State  Errors  With  and  Without  Geopotential.  Uncertainties 


To  further  assess  the  importance  of  the  uncertainty  of  the  geopotential  model, 
data  are  presented  in  Table  9-5  comparing  the  uncertainties  in  the  clock  states 
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HOURS  FROM  END  OF  TRACKING  SPAN 


SATELLITE  AND  USER  POSITION  ERRORS  (in  ft) 

FOR  MULTI-SATELLITE  PROCESSING  WITH  MEASUREMENT 
NOISE,  STATION  LOCATION  ERRORS  AND  GEOPOTENTIAL  UNCERTAINTIES 


(offset  and  rate)  of  the  four  satellites  and  three  monitor  stations  with  an 
without  the  effect  of  geopotential  uncertainties.  It  should  be  emphasized  at 
this  point  that  the  clock  error  being  simulated  here  is  that  due  to  inability 
to  fit  the  clock  data  and  not  that  due  to  inability  to  predict  clock  variation. 
Investigations  of  the  latter  error  source  are  discussed  in  the  report  on  that 
subject.  It  will  be  noted  that  there  is  only  a  small  effect  on  the  offsets  and 
the  monitor  station  clock  errors  are  insensitive  to  the  geopotential  uncertainty. 
However,  the  satellite  clock  rates  are  somewhat  affected  by  this  source  of  error, 
a  fact  which  is  consistent  with  the  degraded  user  positioning  accuracy  for  large 
prediction  intervals  as  observed  above. 


2.2  Distributed  Processing  (January  30  Baseline) 

Satellite  and  user  position  error  data  for  the  distributed  processing  approach 
of  the  January  30  baseline  are  presented  in  two  sets  of  tables  similar  in  format 
to  the  first  three  tables  of  the  preceding  subsection,  for  comparison  with  the 
multi-satellite  processing  concept.  The  influence  of  geopotential  uncertainties 
has  been  ignored  in  this  approach  because  of  the  relatively  minor  role  it  played 
in  the  results  of  the  multi-satellite  approach.  Comparisons  of  UERE  and  system 
error  growth  rates  are  also  presented. 

2.2.1  Influence  of  Measurement  Noi3e  Alone 

Table  9-6  presents  satellite  and  user  position  error  results  considering  measure¬ 
ment  noise  to  be  the  only  source  of  error.  As  with  the  data  of  Table  9-1,  these 
results  are  unrealistically  optimistic. 

2.2.2  Added  Effect  of  Station  Location  Errors 

The  results  change  as  indicated  in  Table  9-7  when  the  effects  of  station  location 
errors  are  included.  As  with  multi-satellite  processing,  a  significant  increase 
is  observed.  The  details  of  the  satellite  position  error  are  presented  in  Table  9-8 
and  show  some  interesting  effects  when  compared  to  similar  data  for  the  multi¬ 
satellite  approach  presented  earlier  in  Table  9-3.  The  radial  components  are  not 
significantly  different  but  the  cross-track  error  shows  an  increase;  in  fact,  this 
is  the  dominant  component  for  two  of  the  satellites. 


TRACKING  SPAN 


2.2.3  Comparison  of  User  Errors 

The  differences  in  the  two  processing  approaches  in  terms  of  their  effect  on 
user  error  are  highlighted  in  the  bar  charts  of  Figures  9-2  and  9-3  .  Figure 
9~2  shows  the  time  history  of  UERE  sampled  at  the  five  observation  times  for 
both  processing  approaches  considering  only  measurement  noise  (without  station 
errors).  Although  the  percentage  differences  between  the  results  of  the  two 
concepts  are  large,  both  concepts  produce  errors  well  within  the  design  goal. 
Figure  9-3  shows  the  effect  of  introducing  station  location  errors.  In  addition 
to  differences  between  the  two  processing  concepts,  one  sees  a  magnified  differ¬ 
ence  between  the  users.  For  the  northern  hemisphere  users  (At  =  3,  15,  27) 
there  was  a  small  increase  in  error  and  the  two  concepts  produced  similar  results 
For  the  southern  hemisphere  users,  the  results  of  both  concepts  approximately 
doubled,  so  that  the  large  percentage  differences  between  the  concepts  still 
exists. 

A  further  comparison  of  the  two  processing  approaches  is  afforded  by  the  data 
presented  in  Table  9-9,  which  shows  the  growth  rates  for  satellite  position  and 
satellite  clock  offset  errors,  and  for  the  UERE  at  the  initial  observation 
opportunity  over  the  WSMR  test  area. 
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2.3 


Distributed  Processing  Current  Baseline 


A  change  from  the  JAN  30  Baseline  was  made  in  the  distributed  processing  approach 
in  that  the  reference  timing  station  (that  station  for  which  range  observations 
are  processed-)  was  taken  to  be  the  Northwest  tracking  site  rather  than  at  the 
Vandenberg  location.  The  Northwest  station  has  the  greatest  satellite  visibility 
and  this  change,  as  expected,  produced  better  navigation  performance  over  a 
broader  geographic  area. 

2*3.1  Satellite  and  User  Position  Errors 

Table  9-10  presents  a  tabulation  of  satellite  and  user  position  errors  for  the 
current  baseline  which  include  only  the  effects  of  measurement  noise.  Table  9 -11 
presents  similar  data  which  also  include  the  effects  of  station  location  errors. 

For  this  latter  case  the  components  of  satellite  position  error  are  listed  in 
Table  9-12.  These  three  tables  reflect  results  obtained  under  the  same  conditions 
as  those  of  the  two  preceding  sections  so  that  the  effects  of  the  different 
approaches  may  be  compared.  A  graphical  comparison  of  UERE  between  the  current 
baseline  for  distributed  processing  and  the  multi-satellite  processing  approach  is 
given  in  Figure  9-4. 

It  is  noted  that  the  character  of  the  time  variation  of  the  errors  has  changed. 

The  oscillation  in  UERE  erior  has  shifted  phase  so  that  greater  accuracy  is  achieved 
in  the  southern  hemisphere  and  less  in  the  northern  hemisphere,  although  the  dif¬ 
ferences  between  the  two  are  not  as  large.  This  phase  reversal  is  not  found  in  the 
satellite  position  errors.  Upon  closer  examination  of  the  elements  of  the  user 
position  error  in  Table  9-11,  it  is  found  that  this  apparently  anomalous  effect 
is  due  to  the  behavior  of  the  altitude  (and  to  a  lesser  extent,  the  range  bias) 
error.  The  same  behavior  is  observed  (below)  in  other  simulations  with  the  current 
baseline,  so  that  it  is  not  to  be  dismissed  as  an  error  in  program  execution.  Since 
this  reversal  in  phase  is  not  noted  when  station  location  errors  are  ignored  (see 
Table  9-10)  the  effect  is  attributed  to  the  way  station  location  errors  are  pro¬ 
pagated,  possibly  causing  a  correlation  among  the  orbit  position  errors. 


SATELLITE  AND  USER  POSITION  ERRORS  (in  ft) 
FOR  DISTRIBUTED  PROCESSING,  CURRENT  BASELINE 
WITH  MEASUREMENT  NOISE  ONLY 
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HOURS  FROM  END  OF  TRACKING  SPAN 


EQUIVALENT  RANGE  ERRORS 


2.3.2 


Effect  of  Station  Clock  Frequency  Error 


A  simulation  was  performed  to  assess  the  effect  of  an  error  in  station  clock 
frequency.  This  was  accomplished  by  considering  an  equivalent  bias  error 
in  range  rate  observations  of  0.001  ft/sec.  The  user  position  error  results, 
presented  in  Table  9-13,  shows  very  little  difference  from  the  comparable  data 
of  Table  9-11  where  this  error  was  not  present. 

2.3.3  Effects  of  Tracking  Network  Reduction 

A  question  on  the  amount  of  degradation  user  positioning  accuracy  that  would 
occur  if  the  Northeast  tracking  station  were  to  be  eliminated  was  answered  in  the 
results  shown  in  Table  9-14.  It  is  noted  that  the  northern  hemisphere  observa¬ 
tions  are  more  strongly  affected  in  this  case. 

2.3.4  Effects  of  Replacing  a  Tracking  Station 

The  effect  of  providing  a  broader  base  for  tracking  coverage  was  investigated  by 
replacing  the  Northeast  tracking  station  with  one  at  Guam,  in  the  western  Pacific. 
The  improvement  on  the  results  for  this  case  (shown  in  Table  9-15)  is  principally 
associated  with  southern  hemisphere  users.  As  noted  earlier,  the  reversal  of  phase 
of  UERE  variation  in  time  is  evident  again  in  this  case,  principally  in  the 
altitude  component  of  user  position  errors. 
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TABLE  9 -.'3 

USER  ONE- SIGMA  POSITIONING  ERRORS  (IN.  FT.) 
WITH  DISTRIBUTED  PROCESSING 
INC;  JDING  STATION  CLOCK  FREQUENCY  ERROR 


At=3 

At=9 

At=15 

At=21 
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8.6 

12.8 

9.0 

14.0 

9.4 

ALTITUDE 

32.1 
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27.5 

30.9 

R  BIAS 

19.5 

14.8 

19.1 
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TABLE  9-14 

USER  ONE-SIGMA  POSITIONING  ERRORS  (IN  FT.) 
WITH  BOS  OBSERVATIONS  EXCLUDED 


At=3 

At=9 

At=15 

At=21 

At=27 

LATITUDE 

8.6 

19.5 

9.2 

19.9 

9.9 

LONGITUDE 

11.8 

11.3 

12.1 

12.3 

12.4 

ALTITUDE 

37.5 

24.2 

37.2 

27.3 

37.0 

R  BIAS 

24.3 

15.1 

24.2 

17,6 

24.2 

RSS 

47.1 

36.4 

46.8 

40.0 

47.0 

UERE 

11.1 

8.6 

11.0 

9.4 

11.1 
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2.4  Concluding  Remarks 

In  reviewing  the  results  described  in  this  presentation  of  the  simulation  effort, 
the  following  observations  are  made: 

1)  Considering  only  the  effect  of  measurement  noise  yields  a  very 
optimistic  picture  of  user  positioning  accuracy. 

2)  Tracking  station  location  errors  of  10  feet  spherical  standard  deviation 
have  a  significant  effect  on  user  navigation  performance. 

3)  The  inclusion  of  the  effects  of  geopotential  uncertainties  have 
a  small  additional  degrading  effect. 

4)  The  distributed  processing  approach  does  not  provide  the  full 
accuracy  of  the  multi-satellite  approach,  but  the  difference 
is  not  so  large  as  to  be  unacceptable. 

5)  The  current  baseline  distributed  processing  approach  provides  more 
uniform  (than  JAN  30  baseline)  user  error  behavior  over  time, 
yielding  better  performance  for  southern  hemisphere  users. 

6)  The  effect  of  station  clock  frequency  error  on  range  difference 
observations  appears  insignificant. 

7)  Removal  of  the  Northeast  tracking  station  from  the  network  increase 
UERE  for  northern  hemisphere  users. 


8)  Replacing  the  Northeast  tracker  with  one  at  Guam  improves  the 
navigation  performance,  of  southern  hemisphere  users. 


3.0  Assumed  Conditions 

The  TRACE  program  executed  in  its  covariance  analysis  mode  was  used  to  simulate 
the  conditions  described  below.  Figure  9-6  presents  a  summary. 

3.1  Orbit  Description 


The  epoch  time  0000  hours,  9/21/73  was  arbitrarily  chosen  because  of  its  convenience 
and  was  used  throughout  the  simulations.  The  epoch  conditions  of  the  reference 
orbits  are  expressed  in  terms  of  classical  elements  as  follows: 
two  orbit  planes  with  two  vehicles  in  each 


semi-major  axis 


87,145,102  feet 


eccentricity 

inclination 

right  ascension  of  ascending  node 

argument  of  perigee 
mean  anomalies 

The  above  values  of  right  ascension  and  mean  anomaly 
duration  of  simultaneous  visibility  and  GDOP. 


0.0001 


195°(vehicles  1  and  2) 
75°  (vehicles  3  and  4) 


41°,  81°,  64°,  and  124° 
(vehicles  1,  2,  3,  and  4, 
respectively) 

were  selected  to  optimize  the 


3.2  Orbit  Perturbations 


Forces  acting  on  the  satellite  in  addition  to  the  earth's  gravity  central  force 
field  are  considered  to  include  zonal  gravity  harmonics  through  and  tesseral 
gravity  harmonics  from  J.  .  through  J,  _.  Lunar  and  solar  gravitation  effects 
were  modeled  along  with  the  Sun's  radiation  pressure  effect  (through  CPAW  =10  ). 

No  drag  or  other  in-traak  accelerations  were  considered. 

3.3  Tracking  Data  and  Network 


Tracking  data  from  four  stations  was  simulated;  a  master  station  in  Southern 
California  and  three  monitor  stations  located  in  Hawaii,  the  Pacific  No"thwest 
and  New  England.  The  following  representative  station  locations  were  used: 


SUMMARY  OF  CONCEPTS  AND  CONDITIONS 


SIMULTANEOUS 

MULTISATELLITE 

CONCEPT 

DISTRIBUTED  PROCESSING  CONCEPT 

(CALIBRATE  SATELLITE  CLOCKS) 

TRACKING  DATA 

RANGE 

tSMIN/48  HOURS 

15MIN/48  HOURS  -  "MASTER"  MONITOR 

RANGE  DIFFERENCE 

NONE 

1SMIN/48  HOURS  -  OTHER  MONITORS 

RANGE  SIGMA 

5  FT 

5  FT 

RANGE  DIFFERENCE  SIGMA 

.006  FT/SEC 

SOLUTION  (P)  PARAMETERS 

ORBIT  STATES 

7/SATELLITE 

7/SATELLITE 

CLOCK  STATES 

2/CLOCK 

2/CLOCK 

CONSIDER  (Qt  PARAMETERS 

SENSOR  LOCATIONS 

10FT  SPHERICAL 

10FT  SPHERICAL 

USER  SOLUTIONS 

PREDICTION  TIMES 

3,9,  15,21,27  HOURS 

3,  9,  15,  21,  27  HOURS 

LOCATIONS 

WSMR, SOUTH  ATLANTIC, 

WSMR,  SOUTH  ATLANTIC, 

PAKISTAN,  TASMAN  SEA,  WSMR 

PAKISTAN,  TASMAN  SEA,  WSMR 

(PI  PARAMETERS 

LOCATION  AND  TIME 

LOCATION  AND  TIME 

DATA 

RANGES  (4) 

RANGES  14)  | 

Figure  9-6 
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STATION 

LATITUDE 

LONGITUDE 

VTS 

32.83 

239.50 

HUL 

21.56 

201.76 

KOD 

57.60 

207.82 

BOS 

42.95 

288.37 

Tracking  station  location  errors  were  assumed  to  be  10-feet  spherical. 
The  table  below  gives  the  equivalent  standard  deviations  for  each 
station.  (Note  that  the  longitude  errors  are  corrected  for  latitude). 


STATION  LONGITUDE  (deg) 

Simultaneous  Distributed 


LATITUDE 


ALTITUDE  (ft) 


muiti-sat 

j 

VTS 

0 

3.34x10" 5 

2.74  x  10*5 

10 

HUL 

2.95xl0"5 

2.95x10* 5 

2.74  x  10"5 

10 

KOD 

5. 12xlO~5 

0 

2.74  x  10"5 

10 

BOS 

3. 74x10" 5 

3.74xl0"5 

2.74  x  10"5 

10 

In  the  simultaneous  processing  concept,  the  meridian  of  the  VTS  station 
is  considered  the  reference  while  that  of  KOD  is  the  reference  in  the  distribu¬ 
ted  processing  concept.  In  the  simulations,  the  appropriate  longitude  uncer¬ 
tainty  was  set  to  zero. 

In  the  simulations  of  the  distributed  concept,  the  KOD  station  observation 
type  was  range  and  the  BOS,  HUL,  and  VTS  observation  types  were  range  rate  with 
noise  standard  deviations  of  5  ft.  and  0.005  ft/sec,  respectively.  This  value 
of  range  rate  standard  deviation  is  based  on  the  assumption  that  ground  clocks 
will  be  atomic.  See  Report  C-9,  Part  II  for  the  effect  of  crystal  clocks 
(standard  deviation  =  .05  feet/second). 

These  observations  were  obtained  at  15-minute  intervals  over  a  48-hour  span 
whose  start  and  stop  times  were  selected  from  considerations  of  processing  and 
uplink  loading  of  the  satellites  before  the  visibility  period  over  the  WSMR  test 
site. 

3.4  Solution  State  Vector 

The  parameters  solved  for  include  the  orbit  elements  of  each  satellite  and  the 
offset  and  drift  of  the  satellite  clocks.  The  following  tabulation  identifies  the 
TRACE  variables  and  the  initial  uncertainty  attributed  to  each: 
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Parameter 


A  Prior  Uncertainty 


Orbit  elements  (equinoctial) 


AF,  AG 

1  X 

10  ^  radians 

N 

1  X 

-8 

10  deg/sec 

L 

1  X 

-3 

10  degrees 

CHI,  PSI 

1  X 

10  radians 

CPAW 

157. 

of  CPAW 

Satellite  Clocks 

Offset  (VSB) 

100 

feet . 

Drift  (VSBD) 

6  x 

10  ^  fps 

3. 5  User  Considerations 

In  simulating  the  user  positioning  determination  with  TRACE,  the 
following  guidelines  were  observed: 

1.  User  located  at  Holloman  test  site  (Latitude  33N,  Longitude  254E). 

2.  User  observations  considered  error-free. 

3.  User  observations  were  taken  3  hours  after  the  observation  span. 

4.  To  show  error  growth  in  time,  alternate  user  observations  were  taken 

6  hours  later  (Lat.  -33,  Long.  334),  12  hours  later  (Lat.  33,  Long.  74), 

and  so  on  for  twenty- four  hours. 

5.  Users  located  as  in  4  above  view  the  same  satellite  geometry  and,  there¬ 
fore,  have  the  same  GDOP.  The  value  was  computed  to  be  4.25  and  was 

used  in  determining  the  UERE's  presented  in  this  report. 

3.6  Jan  30,  1974  Baseline 

Early  simulations  were  based  on  the  conditions  described  at  the  GPS 
Working  Group  meeting,  Jan.  30,  1974.  This  earlier  baseline  was  different  for 
the  distributed  processing  concept  in  that  the  VTS  station  was  the  ranging 
station  and  its  meridian  was  considered  the  reference.  Then  the  VTS  longitude 
uncertainty  was  set  to  zero  and  that  of  KOD  was  set  to  5.12  x  10  ^  degrees. 
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4.0 


EP'ffiMERIS  REPRESENTATION  ERROR 


4 . 1  Introduction  and  Conclusions 


In  previous  sections  we  have  discussed  orbit  determination  and  ephemeris  prediction 
as  sources  of  error  in  user  positioning.  This  section  addresses  the  problem 
of  representing  the  predicted  ephemerides  to  the  user  and  presents  the  results 
of  investigations  of  the  two  most  promising  methods  of  representation. 

The  investigations  into  representing  the  ephemeris  to  the  user  lead  to  the  conclusion 
that  the  users  will  be  provided  with  a  set  of  three  sixth  order  polynomials 
to  be  updated  each  hour.  Such  a  representation  with  a  513  bit  data  frame  length 
will  result  in  less  than  a  1  foot  contribution  to  UERE, 

4.2  Requirements  and  Selection  Criteria 

The  requirements  of  the  ephemeris  representation  are  to  provide  the  user  with  a 
short  downlink  message  so  that  he  may  begin  computation  as  scon  as  psssible,  to 
minimize  the  computation  required  to  determine  satellite  position,  and  to  permit 
satellite  positioning  sufficiently  accurate  to  meet  his  own  positioning  accuracy 
requirements.  The  first  two  factors  are  important  because  they  contribute  sig¬ 
nificantly  to  time-to-fix  and  most  significantly  to  time-to-first-flx. 

The  following  criteria  reflect  these  requirements  and  form  the  basis  for  selection 
of  the  recommended  method  of  ephemeris  representation: 

a.  accuracy  of  representation 

b.  navigation  data  frame  length 

c.  computational  load  placed  on  the  user 

d.  satellite  storage  requirements 

The  accuracy  of  the  representation  is  primarily  dependent  on  two  factors.  First 
is  the  fit  error  due  to  the  inability  of  the  representation  to  exactly  represent  the 
ephemeris.  Second  is  truncation  error  introduced  by  seeking  to  minimize  the 
length  of  the  data  frame. 


The  major  portion  of  the  downlink  message  is  dedicated  to  ephemeris  representation. 
Message  size  is  the  prime  factor  in  determining  the  delay  a  user  will  encounter 
between  the  time  he  turns  on  his  receiver  and  the  time  he  may  make  his  first 
position  fix.  For  this  reason,  navigation  data  frame  length  is  a  prime  factor  in 
the  selection  of  a  mode  of  representation. 

The  first  step  in  each  navigation  solution  is  an  updated  satellite  position  fix. 

In  order  to  minimize  the  computational  load  to  the  user,  the  number  of  operations 
required  for  each  such  fix  should  be  minimized. 

In  the  event  that  the  upload  station  is  unable  to  update  the  ephemeris  data  stored 
in  any  satellite,  each  satellite  is  required  to  store  ephemeris  data  sufficient  to 
support  user  navigation  for  five  days.  The  representation  method  must  provide  the 
required  accuracy  subject  to  the  limited  memory  size  and  absence  of  satellite 
computation  capability. 

4.3  Parameters  of  the  Investigation 

Investigations  into  the  ephemeris  representation  were  conducted  with  emphasis  on 
two  considerations:  method  of  representation  and  duration  of  representation. 

Three  methods  of  representation  were  considered.  They  are  orbit  elements,  Fourier 
series,  and  polynomials.  The  first  two  methods  were  eliminated  from  consideration 
early  in  the  investigation  due  to  the  computational  load  imposed  upon  the  user  by 
their  requirements  to  evaluate  numerous  trigonometric  functions.  The  Fourier  series 
requires  the  evaluation  of  a  sequence  of  such  functions  while  orbit  elements  require 
coordinate  rotations  dependent  on  trigonometric  function  evaluation.  It  was 
concluded  early,  then,  that  the  ephemerides  should  be  represented  to  the  user  by 
polynomials. 

That  choice  of  methods  requires  new  considerations:  the  method  of  forming  the 
polynomials  and  the  coordinate  system  in  which  the  ephemerides  will  be  represented. 
Computational  efficiency  was  the  primary  factor  in  selecting  earth-fixed,  cartesian 
coordinates.  Since  that  is  the  system  in  which  the  ueer  computation  will  be  made, 
satellite  ephemerides  in  an  earth-centered  inertial  coordinate  system  would 
require  transformation.  It  was  determined  that  the  ECI  system  would  require  at 
least  100  more  operations  per  satellite  fix  than  would  an  earth-fixed  represen¬ 
tation. 
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4.4  Comparison  of  Polynomial  Options 

Two  techniques  for  ephemeris  representation  by  polynomials  were  considered:  least 
squares  polynomial  filter  and  Interpolation. 

There  are  two  essential  ideas  underlying  the  polynomial  filter  approach. 


1.  We  are  not  required  to  model  the  actual  physical  process;  if  the 
polynomial  is  of  adequate  degree  it  will  automatically  seek  out  the 
information  of  interest  and  give  a  reasonable  estimate  of  it. 

2.  By  using  least  squares,  we  are  not  forcing  the  polynomial  to  equal 
any  of  the  observations  exactly.  This  results  in  a  certain  amount 
of  smoothing. 

The  basic  rationale  for  interpolation  is  as  follows. 

1.  We  are  not  required  to  model  the  actual  process;  if  the' order  of  the 
interpolating  polynomial  is  sufficient.  If  the  data  includes  only 
negligible  noise,  and  if  the  sampling  interval  is  sufficiently 
small,  then  the  interpolation  will  give  a  reasonable  estimate. 

2.  By  interpolating,  we  are  forcing  the  polynomial  to  go  through  several 
points,  combinations  of  which  are  taken  to  estimate  interior  points. 


The  two  approaches  were  compared  by  investigation  their  performance  with  respect 
to  two  80  minute  sample  intervals  within  an  orbit.  An  earth  fixed  X  coordinate 
system  was  assumed.  Th  nterpolation  technique  used  was  Giegory-Newton,  which 
uses  successive  differen  The  position  is  expressed  as 

*  i  N 

x(t)  -js  A  n  (k-j> 

1-0  t1.  J-0 

where  K=  At  and  the  are  the  coefficients  transmitted.  The  polynomials 

fit  by  a  least  squares  technique  express  oosition  as 

N  i 

X(t)  -  2 
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The  results  are  shown  in  Table  9-16, 


On  the  basis  of  this  comparison,  which  shows  the  least  squares  approach  better  in 
each  category,  the  subsequent  investigation  centered  exclusively  on  the  poly¬ 
nomial  curve  fitting  approach. 

TABLE  9-16 

Performance  Comparison  of  Interpolation  Against  Curve  Fitting 
for  Two  Sample  80  Minute  Intervals 


Data  Type 

Polynomial 

Degree 

Representation 

Type 

Mean 
Residual 
Error  (ft) 

Data 

Length 

(Bits) 

Calculations 

*  + 

5th  Deg 

INT 

.48 

139 

10 

9 

"Good"  80 

Minute 

Interval 

LSQ 

.26 

124 

5 

5 

6th  Deg 

INT 

.37 

152 

12 

11 

LSQ 

.25 

138 

6 

6 

5th  Deg 

INT 

9.6 

142 

10 

9 

"Bad"  80 

Minute 

Interval 

LSQ 

6.9 

137 

5 

5 

6th  Deg 

INT 

.05 

156 

12 

11* 

LSQ 

.04 

148 

6 

6 

A. 5  Fit  Error 

The  degree  of  polynomial  required  to  fit  a  given  set  of  data  must  be  determined 
empirically.  A  given  order  polynomial  fitting  identical  sets  of  data  from 
different  parts  of  an  orbit  will  yield  different  errors  in  the  fit.  As  is 
illustrated  in  Figure  9-7  ,  the  RSS  error  of  fitting  all  three  components  remains 
rather  constant  throughout  an  orbit.  However,  the  error  in  a  particular  dimension 
may  change  by  more  than  an  order  of  magnitude. 
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A  good  estimate  of  the  RSS  fit  error  for  a  particular  type  of  fit  may  be  obtained 
by  observing  the  error  in  the  hardest-to-fit  component  over  an  interval  where 
that  component  error  attains  its  maximum.  Figure  9-8 >  generated  in  this  manner, 
shows  how  well  different  orders  of  polynomials  may  be  expected  to  fit  over  various 
intervals  of  time.  The  length  of  the  fit  interval  is  determined  by  the  satellite's 
message  update  frequency.  Thus  for  worst  case  RSS  fit  errors  of  less  than  one 
foot,  an  update  frequency  of  30  minutes  requires  a  5th  degree  polynomial,  60 
minutes  a  6th  degree,  and  120  minutes  a  7th  degree  polynomial. 

4.6  Truncation  Error 

Because  limitations  exist  on  the  downlink  message  size,  truncation  error  can 
occur  with  any  given  representation  form.  The  worst  case  truncation  error 
occurs  when  the  magnitude  of  the  time  variable  and  the  magnitude  of  the 
corresponding  coefficients  simultaneously  attain  their  maxima.  The  truncation 
error  for  an  nth  degree  polynomial  may  be  expressed  as 

2  Mi  i  2  2  2) 
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where 


Truncation  error 


e c  -  Error  in  coefficient  i,  c^ 

e  Is*  Error  in  the  itl>  power  of  t,  t* 
t 


Since  e  fci  -  ^  ,  and  since  the  coefficients  are  small  enough  to  keep 


c^‘€^<l  it  is  sufficient  to  minimize  the  simplified  expression  for 

truncation  error  2  V".  .1.2 

e  (er  t  ) 

T  1-0  ci 


We  wish  to  keep  the  total  error  small;  ie,  minimize  e  -  /  e  +  V*  (e  ,t  )‘ 

3CYZ  ^  i-o  C1 

while  simultaneously  minimizing  the  number  of  bits  required  for  representation 
in  the  data  frame,  was  determined  in  the  following  manner.  A  sequence  of 


i 


6th  degree  polynomials  was  fit  to  successive  30  minute  data  intervals.  These 
intervals  were  displaced  by  15  minutes  until  the  entire  orbit  was  covered. 

The  largest  magnitude  for  each  coefficient  was  recorded.  The  quantization 
levels  were  determined  so  that  the  RSS  error  of  the  three  fit  errors  and  twenty- 
one  equal  truncation  errors  was  approximately  'ne  foot.  The  number  of  bits 
required  to  represent  the  range  of  magnitude  to  the  required  precision  was  then 
computed. 


The  requirements  for  X,  Y,  and  Z  were  virtually  identical.  The  maximum  and 
quantization  magnitudes  and  bits  required  for  each  coefficient  are  shown  in 
Table  9-17. 


TABLE  9-17 


Data  Frame  Requirements  for 
Satellite  Ephemeris  Representation 

RSS  Error  -0.8  Feet  per  6th  Degree  Polynomial 


Coefficient  Maximum  Quantization  Bits 

Magnitude  Magnitude  Required 

4800  secs  4800  secs 


7.4  x  107  1.4  x  10_1 


9.6  x  103  7.1  x  10-5 


5.6  x  10_1  3.3  x  10‘8 


3.5  x  10"5  8.3  x  10*12 


1.7  x  10"9  3.2  x  10'15 


7.4  x  10‘14  2.2  x  10'18 


3.1  x  10"18  7.6  x  10‘22 


wifi . 


The  truncation  error  is  controlied  by  manipulating  the  quantization  level. 

Raising  or  lowering  this  threshold  by  a  power  of  two  raises  or  lowers  the 
number  of  bits  required  for  a  single  nth  degree  polynomial  by  n  bits.  Table  9-18 
illustrates  sample  individual  term  (a^t1)  truncation  errors  for  the  80- 
minute  polynomials  with  the  resulting  RSS  error  for  three  5th  degree  poly¬ 
nomials. 

TABLE  9-18 

Individual  Term  Truncation  Error  T  and 
Resulting  RSS  Error  e:  Three  5th  Degree  Polynomials 


T 

s2 

RSS  € 

0.1 

0.18 

0.43 

0.2 

0.72 

0.85 

0.3 

1.6 

1.27 

0.4 

2.9 

1.70 

The  total  representation  error  may  thus  be  controlled  by  altering  the  degree  of 
precision  used  in  transmitting  the  coefficients.  A  lower  bound  on  this  error  is 
given  by  the  RSS  fit  error.  Table  9-19and  Figure  9-9  give  the  accuracy  and  bit 
requirements  for  four  data 'update  frequencies. 


J 


4.  7  Scaling  Effects 


The  position  of  the  zero  of  the  polynomial  has  impact  on  both  fit  error  and 
number  of  bits  required  for  representation.  The  multiplication  of  the  time 
variable  by  a  constant  makes  relatively  little  difference.  The  results  shown 
in  Table  9-20were  generated  from  polynomials  valid  for  -IStSl.  The  data  for 
generating  a  particular  polynomial  was  taken  over  the  stated  number  of  seconds; 
time  was  effectively  transformed  from  0  it  "4800  to  -lstsl.  Some  transfor¬ 
mation  was  necessary  due  to  exponential  overflows  in  computations  using  time 
in  seconds. 


Table  9-20  gives  empirical  justification  for  the  particular  scaling 
used.  The  magnitude  of  t  does  not  impact  fit  accuracy  or  number  of  bits  required. 
Theoretical  justification  may  be  found  in  the  appendix.  The  net  result 
is  that  proper  scaling  has  advantageous  effects  on  both  fit  error  and  repre¬ 
sentation  size.  The  scaling  used  is  virtually  transparent  to  the  user  in 
evaluating  the  polynomial. 


TABLE  9-20 

Effects  of  Scaling  Techniques  on  Performance  Measures 


Average 

Residual 

Standard 

Fit 

Error 

Bits  For 
Representation 

(-2,  0) 

.0988 

.147 

165 

(-1.5,. 5) 

.0950 

.142 

155 

(-1,  1) 

.0899 

.132 

143 

(0,  2) 

.0941 

.161 

160 
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4.8  Impact  on  User  Equivalent  Range  Error 


The  above  discussion  has  been  based  upon  RSb  mean  errors.  The  impact  of 
ephemeris  representation  errors  on  user  equivalent  range  errors,  is,  however, 
most  efficiently  studied  by  using  the  standard  error  of  fit  or  RMS  error. 

User  equivalent  range  error,  E  (based  on  satellite  representation  errors  only), 
is  given  by 

(1)  E  -  x/TR  (J) ^/GDOP 
where 

(2)  J  -  A'1  (BQBT)  (A’1)7 
and  where 

TR  denotes  the  trace  function 

J  is  the  covariance  matrix  of  user  position  and  clock  offset  estimation 
error j  due  to  ephemeris  representation  errors 

A  ^  is  a  matrix  giving  the  sensitivity  of  user  position  and  clock  offset 
estimation  errors  to  ranging  errors 

Q  is  a  covariance  matrix  of  representation  errors 

B  is  a  matrix  giving  the  sensitivities  of  ranging  errors  to  representation 

errors 

GDOP  is  the  user's  geometric  dilution  of  precision 

A  conservative  estimate  of  Q  is  that  it  is  a  diagonal  matrix  whose  diagonal  elements 
are  all  equal  to  the  maximum  standard  error  encountered  in  any  one  coordinate 
(considering  all  satellites).  Let  this  maximum  standard  error  be  defined  as 

(3)  J  -  A'1  (B  O'2  I  BT)  (A-1)  -  cr2  a'1  (A'1)1 
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since  the  rows  of  B  consist  of  unit  slant  range  vectors  which  vhen  dotted  with 
themselves  become  unity.  Iherefore, 


(4)  TR(J) 


so  that  E,  the  ephemeris  representation  error  contribution  to  user  equivalent 
range  error,  is  merely  a  ,  the  maximum  standard  error  of  fit. 


For  sixth  degree  polynomials  which  are  updated  once  every  hour,  the  maximum 
standard  error  of  fit  was  found  to  be  approximately  one  foot.  The  contribution 
to  user  equivalent  range  error  with  this  form  of  representation  is  therefore 


less  than  one  foot. 


4.9  Appendix 


4.9.1  Minimum  Variance  Polynomial  Filter 


The  position  function  is  expressed  as  X(t)  «  a_(t)  ’  (3  ,  where  a( t)  1  is  a 


row  vector  a(t)  ■  (1,  t,  t2,  ...  tn) 1  and  p  »  (aQ,  a^,  a^  ...  an) ’  is  the 


vector  of  polynomial  coefficients. 


The  coefficients  are  generated  by  the  matrix  equation 


(3  =  (A  Q  A)  A  Q  £ 


where 


is  (n+1)  x  1  vector  of  best  estimates  for  polynomial  coefficients 


is  mxl  vector  of  data  points 


is  raxm  covariance  matrix  showing  measurement  uncertainity  of  data  y 


A  is  the  mx(mfl)  data  coefficient  matrix|~  1  t^  t2  . . . .  t” 


1  t  t 
m  n 


such  that 


A  P  +  eJ 


is  the  mxl  vector  of  residual  fit  errors. 
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The  minimum  variance  estimator  minimizes  the  magnitude  ||ey||  of  the  residual 
errors.  It  is  in  this  sense  that  $  is  the  optimal  set  of  coefficients.  In  the 
event  that  the  uncertainty  in  each  observation  is  equal,  the  estimation  formula 
reduces  to  $  *  (A1 A)  ^  A*  £. 


2  2 

A  major  computational  problem  with  using  the  polynomials  1,  t,  t  ,  t  ....  is 

that,  even  when  Q  >  ?2  I  ,  the  (nfl)  X  (ih-1)  A'  A  matrix  must  be  inverted. 

m 

This  problem  may  be  avoided  ,  and  many  theoretical  analysis  benefits  will  be 
realized,  by  using  a  set  of  orthogonal  polynomials. 


The  legendre  polynomials  solve  the  inversion  problem.  Denote  by  P*  the  space 

of  orthogonal  polynomials.  By  using  an  A*  matrix  with  orthogonal  columns,  the 

T  x 

A*  A*  *  I.  The  solution  procedure  then  becomes  j§*=  A*T  y  .  The  inverse 

of  the  transformation  T:  P  — >  P*  gives  $  =  T"1^*.  which  means  that  the 

2 

procedure  yields  coefficients  for  the  more  familiar  polynomials  1,  t  t  .... 

> 

Hie  orthogonolization  procedure  depends  on  the  particular  values  of  the 
columns  of  A,  so  may  not  be  generated  until  the  observation  times  are  kncwn. 


4.9.2  Error  Sources  and  Sensitivities 


i 


1 


I 

f  I 


Use  of  orthogonal  polynomials  enables  one  to  analyze  the  effects  of  various 
model  parameters.  Number  and  spacing  of  data  points,  degree  of  the  polynomial, 
and  positioning  of  the  origin  within  the  observation  interval  are  the.  parameters 
of  primary  Interest.  Constant  spacing  between  data  points  is  assumed  for  the 
analysis,  and  this  poses  no  problem  for  the  data  generation.  Space  numerical 
problems  may  result  from  this  constant  spacing,  this  requirement  may  be  relaxed 
for  operation.  The  results  of  the  orthogonal  polynomial  analysis  obtain  also 
with  the  classical  least  squares  approach;  the  only  substantial  difference  is 
greater  computational  error  in  the  classical  mode. 


We  will  first  look  at  minimization  of  random  error,  or  variance  reduction.  The 
basic  assumption  is  that  observation  errors  are  of  zero  mean  and  constant 
variance.  Significant  results  include: 


number  of  data  points:  Variance  about  the  parameter  estimate  goes  to 

2  1 

zero  as  tie  number  of  data  points  increases.  In  fact  a  -g—  , 

where  i  is  the  power  of  t  (the  ith  coefficient) ,  and  L  is  number  of 
data  points. 


sampling  rate:  Increasing  the  sampling  rate  while  keeping  the  total 
number  of  points  constant  increases  the  variance  of  the  output  errors 
over  the  smaller  interval.  Increasing  the  sampling  rate  over  a  con¬ 
stant  time  period,  thereby  simply  increasing  both  the  density  and  the 
number  of  points,  reduces  the  variance.  The  critical  factor  is  L. 

For  ££^>1  where  i  is  a  modification  on  the  null  policy,  variance 


1  decri 


will  decrease. 


degree  of  polynomial:  Since  the  variance  of  the  estimate  is  the  trace 
of  the  non-negative  definite  covariance  matrix,  higher  degree  poly¬ 
nomials  necessarily  increase  the  error. 

location  of  the  independent  variable:  The  orthogonal  polynomials  are 
constructed  such  that  all  their  zeros  are  within  the  observation  interval. 
Therefore  predictions  outside  this  interval  cannot  be  relied  upon;  the 
higher  the  degree,  the  worse  extrapolative  power.  Half  of  the  polynomials 
have  zeros  at  the  midpoint  of  the  interval.  Therefore  estimation  error 
is  smallest  in  the  middle,  increasing  as  rauoh  as  an  order  of  magnitude 
toward  each  side.  The  rapid  increase  in  uncertainty  begins  at  the  end¬ 
point. 


Systematic  errors  result  from  the  mismatch  between  the  model  and  the  true 
process.  The  impact  on  systematic  error  of  the  primary  parameters  are 
as  follows: 

degree  of  polynomial:  Since  virtually  any  function  may  be  expressed  as 
an  Infinite  power  series  increasing  the  order  of  the  polynomial  will  both 


i.;  iUlTiii'i  r  •nfr'iftiif'lfft 
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provide  a  better  fit  and  reduce  the  amount  of  smoothing  done.  However, 
the  order  of  the  polynomial  is  trlctly  bounded  by  the  number  of  data 
points ,  and  is  in  practice  bounded  by  degree  of  approximately  one- 
fourth  that  number. 

-  location  of  independent  variable:  As  above,  the  fact  that  all  the  zeros 
of  the  orthogonal  polynomials  be  within  the  observation  interval  sug¬ 
gests  that  systematic  error  is  minimized  near  the  middle  of  that  interval. 
Higher  order  polynomials  result  in  smaller  intervals  of  larger  error 
about  each  endpoint. 

-  number  of  data  points:  Each  term  of  the  systematic  error  function  is 
increasing  with  the  number  of  data  points.  Thus,  for  fixed  polynomial 
degree  and  sampling  rate,  systematic  error  is  minimized  by  minimizing 
the  number  of  data  points. 

-  data  sampling  rate:  For  a  fixed  number  of  data  points,  high  sampling 
rates  minimize  systematic  errors;  any  power  series  may  be  adequately 
approximated  by  a  polynomial  of  given  degree  if  the  interval  is  small 
enough.  If  sampling  rate,  and  therefore  number  of  data  points,  is 
increased  over  a  given  interval  of  time,  the  systematic  error  approaches 
an  astymptotic  value.  Therefore,  after  a  certain  point  the  fit  will  not 
improve,  but  the  additional  data  points  will  adversely  impact  the  error. 

A . 9.3  Impact  on  rroblem  Formulation 

Numerical  formulation  of  a  curve  fitting  routine  may  take  advantage  of  the 
above  results  in  several  ways. 


1.  Balancing  of  systematic  and  random  errors.  By  realizing  the  effects  of 
the  major  contributors  to  the  overall  error,  a  balance  may  be  struck 
between  the  two  types  of  error.  For  example,  if  representation  accuracy 
over  a  given  interval  is  the  goal,  the  contributions  from  each  error 
type  would  be  set  equal.  On  the  other  hand,  if  a  long  term  fit  with 
a  small  order  polynomial  were  required,  the  random  error  terms  could 
be  virtually  ignored. 


Trend  removal.  If  there  exists  a  nominal  trajectory,  which  is  reasonably 
close  to  the  actual  data,  additional  computational  benefit  may  be 
realized.  The  data  used  by  the  filter  will  then  be  of  smaller  mag¬ 
nitude,  enabling  a  reduction  in  systematic  errors.  This  may  enable 
us  to 

a.  Attain  greater  accuracy 

b.  Reduce  the  degree  of  the  filter 

c.  Lengthen  the  observation  interval 
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RELATIVE  NAVIGATION  ERROR 


Relative  navigation  error  may  be  defined  in  several  ways  but  most  commonly 
is  defined  to  be  the  accuracy  with  which  a  user  can  determine  his  location 
relative  to:  1)  previous  estimates  of  his  location,  2)  another  user, 

3)  a  ground  station,  or  4)  his  own  home  base.  All  four  definitions,  or 
situations ,  have  the  characteristic  that  certain  coninon  error  sources  can 
be  expected  to  cancel. 

The  definition  of  relative  navigation  error,  as  used  here,  will  be  associated 
with  1)  namely,  the  accuracy  associated  with  one  user  being  able  to  make 
repeated  estimates  of  a  fixed  location  over  an  extended  period  of  time. 

That  is,  we  will  seek  the  expected  deviation  of  a  user's  navigation  estimate 
from  previous  navigation  estimates  and  ask  how  this  changes  with  time. 

At  time  t^,  a  user  makes  an  estimate  of  his  position  and  clock  offset, 

X,  (ie,  latitude,  longitude,  altitude,  and  range  bias),  which  deviates 

“1  A 

from  his  true  location  and  clock  offset,  X,  by  the  amount  At  time 

this  same  user  makes  another  estimate  of  his  location  and  clock  offset, 

5^,  vrtiich  this  time  deviates  from  his  true  position  and  clock  offset  by 
the  amount  fiX  .  We  now  ask  the  question:  What  is  the  expected  deviation 
of  fiXj  from  5X^? 

In  an  attempt  to  answer  this  question,  we  will  assume  that  the  times  t^  and  t 
are  such  that  the  satellites  are  in  identical  positions  relative  to  the  user 
so  that  his  geometric  dilution  of  precision  remains  constant.  We  will  also 
assume  that  the  user  is  stationary  with  respect  to  the  earth  and  that  the 
only  errors  in  his  estimates  are  due  to  ephemeris  and  clock  errors. 

A  A 

Now  if  $X^  is  the  user's  navigation  estimation  error  at  time  t^  and  6X2 
is  the  user's  navigation  estimation  error  at  time  t^,  then  the  expected 
difference  between  these  two  errors  is  given  by: 


(1) 


Q  =  EflfiXj  -6X2)(8X,  -6X2)T} 

A  A  T  A  aT  a  aT  a  a  T 

=  E  {  6X  J  6X ,  +6X26X2  -fiXjfiXj  -SX^X,} 

=  E  {  SX,  6X  ,T}+  E{6X2  6Xj}  -  E{6X ,  6X2}  -  EftX,  6X ]} 


where  E{  } 


is  the  expected  value  operator  and  where 


A  A 


E{6Xj  6X  j}  =  ^>  =  covariance  matrix  of  the  errors  in  the  user's  position 


and  clock  offset  estimate  at  time  t^. 


aT. 


E{5X95X9}=<^  “  covariance  matrix  of  the  errors  in  the  user's  position  a 

—  i  —  L.  it 


nd 


clock  offset  estimate  at  time  t^. 


A  A  I 


t\  /\  •  T 

E{fiX  5X_}  =  '£,=  <&.=  covariance  matrix  of  the  user's  errors  at  time  t.  with  this 
—  1  — Z  1 Z  21  *■ 


errors  at  time 


Equation  (1)  can  therefore,  be  written  in  a  simpler  form,  namely, 


Q  =  ^  +{f2  -^2 


(2) 


The  first  two  terms  of  (2)  are  respectively  the  individual  estimation  errors  at 


times  t^  and  t^  which  include  the  effects  of  common  error  sources  such  as  satellite 


positions  and  clock  offsets.  The  last  two  terms  represent  the  correlations  of 


the  errors  at  t^  with  the  errors  at  t^.  Since  these  correlations  manifest  them¬ 


selves  through  error  sources  which  are  common  to  the  two  estimates,  they  can  be 
expected  to  reduce  the  contributions  to  Q  from  the  first  two  terms. 


For  example,  if  t^  =  t^  (i.e.,  two  simultaneous  estimates)  and  the  only  error 


sources  presentare  satellite  errors  (i.e.  no  clock  or  receiver  noise),  we 
should  expect  the  errors  in  these  two  estimates  to  be  perfectly  correlated  so  that 
identical  estimates  would  be  made  (This  does  not  say,  however,  that  these  two 
estmates  do  not  contain  errors).  In  this  unique  situation,  we  should  expect  the 
last  lwo  terms  in  (2)  to  exactly  cancel  the  first  two  terms. 
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From  simulation  results  of  the  distributed  processing  concept  presented  in 
section  2.0  above,  equation  (2)  was  evaluated  using  the  WSMR  user  solution 
results  at  3  and  27  hours  from  the  end  of  the  observation  interval.  Thus, 
t  =  3  hours  and  t 2  =  27  hours.  The  resultant  Q  prime  matrix  given  below, 
thus  represents  the  expected  difference  in  WSMR  position  estimates  (made  24  hours 
apart  using  the  same  data  base,  ie,  the  same  satellite  ephemerides  and  clock 
parameters)  due  to  changes  in  satellite  position  errors  and  modelab’e  clock 
errors  over  this  time  period.  The  repults  were  obtained  as  follows: 


The  WSMR  position  and  clock  offset  estimation  error  covariance  matrix  at 
3  hours  was 


56.8 

-32.6 

113.9 

57.6 

-32.6 

73.1 

-21.4 

-8.2 

113.9 

-21.4 

1019.7 

600.8 

57.6 

-8.2 

600.8 

373.6 

\  / 


where  diagonal  terms  from  left  to  right  represent  variances  in  latitude,  longitude, 

2 

altitude,  and  range  bias  respectively.  All  numbers  are  in  feet.  For  the  errors 
at  27  hours  (or  24  hours  after  the  first  estimate  the  estimation  error  covariance 


matrix  was 


/  \ 


1 

'  77.7 

-39.7 

115.0 

64.8 

II 

-39.7 

88.1 

14.5 

10.0 

115.0 

14.5 

939.8 

556.1 

1 

i  64.8 

10.0 

556.1 

353.4  , 

\ 

1 

The  covariances  of  the  errors  were 

/  64.9 

-34.5 

102.4 

533.3 

J  „ 

-36.5 

78.8 

-0.9 

2.3 

S = 

21  12 

125.4 

-4.4 

951.2 

544.5 

^66.6 

1.4 

566.3 

351.5 

Thus 
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4.7 

-1.3 

1.1 

2.5 

-1.3 

3.6 

-1.6 

-1.9 

1.1 

-1.6 

57.1 

36.1 

2.5 

-1.9 

36.1 

24.4 

If  we  now  define  a  pseudo  correlation  matrix  where  the  off  diagonal  terms  are 
correlation  coefficients  and  the  diagonal  terms  are  sigmas  in  latitude,  longitude, 
altitude,  and  range  bias  respectively,  we  obtain 


2.2 

-0.311 

0.132 

0.204 

-0.311 

1.9 

-0.132 

-0.204 

0.132 

-0.132 

7.6 

0.969 

0.204 

-0.204 

n .  OKQ 

4.9 

The  expected  deviations  in  estimates  oi  J  !u,  lout  altitude,  and 

range  bias  made  24  hours  apart  are  therefore,  2.2,  1.9,  7.b  and  4.9  feet 
respectively. 


The  RSS  of  these  navigation  errors  is  9.5  feet.  Dividiing  this  by  GDOP,  4.25, 
gives  a  relative  ephemeris  UERE  contribution  of  2.24  feet  after  24  hours. 
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1.0  BACKGROUND 


At  the  request  of  SAMSO/Aerospace,  WDL  examined  several  possible  techniques 
for  monitoring  (ie,  measuring)  the  received  power  level  of  GPS  satellite 
signals.  This  problem  is  substantially  compounded  by  the  use  of  the 
spread-spectrum  modulation,  and  by  the  simultaneous  presence  of  signals 
from  several  satellites  all  radiating  on  the  same  carrier  frequency.  The 
text  of  a  letter  from  SAM90  to  Philco-Ford  WDL  is  quoted  as  follows: 

"To  ensure  that  the  proper  level  of  power  is  being  transmitted  by  the 
satellite,  the  monitor  stations  should  measure  and  record  the  appropriate 
data.  The  following  questions  are  submitted  for  your  consideration. 
Preliminary  response  is  required  by  1  February  with  the  final  incorporated 
into  the  28  February  submittal. 

a.  How  can  the  monitor  station  measure  the  received  power 
level  from  the  satellite  with  PN  modulation  activated? 

b.  What  degree  of  accuracy  would  the  measurement  provide? 

c.  What  is  the  inpact  on  the  design  of  the  receiver  or  other 
monitor  station  conpor.ents?" 

During  1972/1973  WDL  developed  a  high-precision  received-signal-level 
measurement  technique  for  the  SCF  (SGLS)  receiving  system;  in  addition  to 
development  and  on-site  testing  of  the  KF  hardware,  a  small  minicomputer 
which  controls  the  entire  receiver  calibration  process  has  been  developed, 
to  be  used  as  a  conpcnion  adjacent  to  the  RF  equipment.  This  equipment  has 
resulted  in  measurement  errors  of  about  0.5  -  0.7  dB,  for  clear-channel 
signals  having  a  distinct  carrier  well  above  the  background  noise  level. 
Philco-Ford  also  developed  an  accurate  radiometer  for  use  with  the. SCF 

46-foot  TT&C  subsystems.  Both  of  these  techniques  are  discussed 
briefly  in  this  report. 


Because  of  the  relatively  more  complicated  nature  of  the  CPS 
signal  measurement  problem  (ie,  multiple  signals,  each  of  the 
spread-spectrum  variety),  a  highly  dependable  and  accurate 
technique  for  signal  level  monitoring  has  not  yet  evolved. 

The  various  subsections  of  this  section  record  the 

consideration  which  were  given  to  the  signal  level  measurement  problem. 

There  is  no  direct  way  of  satellite  EIRP  monitoring  on  orbit  by  a  monitoring 
station.  The  next  best  technique  is  to  measure  the  incident  flux  at  the 
monitor  station  and  compensate  for  range/antenna/atmospheric  absorption 
effects.  A  measurement  of  received  signal  power  cannot  be  made  directly 
either,  but  can  only  be  inferred  from  measurement  of  one  or  more  receiver 
parameters  such  as  AGC,  ranging  noise,  or  data  error  probability.  Suffice  it 
to  say  that  the  incident  signal  cannot  be  directly  measured,  but  only  ratio 
of  incident  signal-to-system  noise  power  density.  The  total  system  noise 
has  contributions  from  the  monitor  station  front  end,  as  well  as  from 
sources  external  to  the  monitor  station  itself  (i.e.,  sky  noise,  man  made 
noise,  other  satellite  signals,  etc.). 

Measurement  Parameters 

c/Nq  (system)  can  be  inferred  by  measurement  of  range  measurement  variance 
r) ,  data  signal  power  to  noise  density  ratio  (Eb/N0)  and  AGC  level. 

Thecrr  measurement  is  likely  the  most  sensitive  measure  of  received  signal 
quality,  and  a  comparison  of<Tr  from  the  calibration  source  (Technique  2) 
withCTr  from  the  measured  satellite  is  likely  the  most  accurate  technique. 
Eb/N0  measurement  depends  partially  on  and  the  system  noise,  and  AGC  is 
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influenced  by  monitor  stations  RF/lF  gain  variation  as  well  as  o~r« 

parameter  (o-  )  can  be  calculated  by  means  of  a  number  of  sequential 
r 

pseudo-range  measurements,  removing  the  motion  parameters  of  the  satellite, 
and  computing  the  variance.  Careful  calibration  of  ffT  versus  c/Nq  is  a 
prerequisite  for  accurate  calibration  of  c/Nq.  The  determination  of  (j* 
may  be  made  at  the  master  station  by  means  of  suitable  computation  on 
sequential  pseudo-range  measurements  relayed  by  the  monitor  station. 


1.1  MEASURMENT  MET HDDS 

A  number  of  techniques  for  performing  this  monitor  function  are  enumerated 
below. 

1.  Measurement  of  c/n  .  .  for  each  satellite. 

o(Syst) 


(Direct  Measurement) 
2.  Measurement  of  c/n 


for  each  satellite  and  compare  with 


o(Syst) 

C/N0(SySt)  from  some  stable,  calibrated  signal  simulator 

(Comparison  Measurement) 

The  signal  simulator  injects  into  the  monitor  station  antenna. 
Technique  1  -  Suffers  from  possible  variations  in  monitor  station 
health  status  (noise  figure,  alignment  etc.)  and  may  introduce  considerable 
uncertainty  into  the  measurement.  The  radiometer  method  of  measuring  the 
received  powe-  is  an  example  of  Technique  1. 
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Technique  2  -  Will  wash  out  the  effect  of  degraded  monitor  station  health 
and  will  include  the  effects  of  environmental  noise.  This  is  the  preferred 
technique.  Careful  calibration  of  the  monitor  station  antenna  gain  over 
the  hemisphere  of  incident  signal  directions  (including  that  from  the 
calibration  source)  must  be  performed  and  used  in  the  determination  of 
satellite  output  power.  The  constraints  on  location  of  the  calibration 
transmitter  are  the  following?  near  enough,  to  not  suffer  significant 
atmospheric  absorption,  far  enough,  to  be  in  the  monitor  station  antenna 
"far  field."  Stability  of  the  calibration  source  ERP  is  essential  and 
instability  contributes  directly  to  error  in  satellite  ERP  measurement. 

The  technique  for  calibration  is  summarized  below. 

1.  Calibration  signal  injected  into  monitor  station  antenna  far  field  at  known 
power  level. 

2.  Monitor  station  periodically  locks  to  calibration  signal  and  sends 
pseudo-ranges  to  master  station. 

3.  Monitor  station  takes  many  sequential  measurements  of  pseudo-range  from 
direct  satellite  and  sends  these  to  master  station. 

4.  Master  station  computes  EIRP  from  o"r  (satellite)  to  O’  (calibration) 
ratios,  takes  into  account  effects  of  satellite  antenna  gain  in 
direction  of  monitor  station,  range  loss,  predicted  atmospheric 
absorption,  monitor  station  gain  in  direction  of  satellite  and 
calibration  source. 
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An  alternative  method  of  making  the  comparison  between  the  calibration  signa 
signal  and  the  incoming  satellite  signal  is  the  use  of  calibrated  AGC 
voltages. 

1.2  Radiometer  Technique 

The  noise-like  nature  of  the  GPS  satellite  makes  the  radiometer  method 
of  measuring  power  appear  reasobable  for  measuring  the  received  signal 
strength  from  the  satellites.  The  radiometer  receiver  is  a  20-MHz 
bandwidth  device,  which  has  a  noise  amplitude  detector  and  an  integrator 
at  the  output.  The  input  is  switched  between  two  courses  of  accurately  known 
noise  power  for  calibration  and  then  between  the  unknown  noise  source  and  the 

background  noise.  The  integrated  noise  powers  are  recorded  on  a  strip 
chart,  so  that  the  temperature  differences  can  be  scaled  from  the  chart. 

This  method  measures  differences  and  as  a  result,  the  receiver  noise  is 
eliminated  from  the  measurement. 

To  measure  power  of  a  satellite  signal,  it  is  first  necessary  to  calibrate  the 
antenna  by  receiving  power  from  a  radio  star  having  well  established  flux 
density.  The  second  step  is  to  receive  power  from  the  satellite  and  compute 
its  power  by  comparison  with  the  known  star  flux. 

The  critical  elements  of  the  radiometer  system  are  the  cold  and  hot  noise 
sources,  the  antenna,  the  radiometer  input  switch,  and  the  output  noise 
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detector.  Of  these  the  radiometer  switch  is  the  most  critical.  A  typical 
unit  is  a  diode-switch  constructed  of  strip-line,  and  carefully  tuned  to  eliminate 
variations  in  loss  resulting  from  high  VSWR.  The  cold  noise  sources  are 
carefully  constructed  of  special  material  to  withstand  exposure  to  the  low 
temperatures  created  by  liquid  nitrogen.  These  features  are  diagrammed  in 
Figure  10-1. 

Accuracy  of  the  radiometer  depends  on  the  uncertainty  in  measuring  the 

losses  between  switch  and  its  inputs,  in  the  switch  itself,  recorder 

linearity  and  other  factors.  In  the  radiometer  used  in  the  SCF  the  total 

o 

RMS  errors  amount  to  +  4.5. 

Antenna  gain  measurement  accuracy  depends  on  adequate  gain  for  the  antenna, 
so  that  star  temperature  rise  values  of  at  least  50  K  are  obtained.  Antenna 
gains  of  45  to  48  dB  with  low  noise  front  ends  will  provide  this  performance; 
smaller  antennas  will  not.  Temperature  rise  is  shown  as  a  function  of  anrenna 
size  for  a  140  K  noise  temperature  system  in  Figure  10-2.  With  a  47-dB  gain 
antenna,  such  as  a  60-foot  parabolic  reflector  working  at  1575  MHz,  the  star 
temperature  rise  has  been  computed  as  48.4  K.  When  the  4.5  K  accuracy  is 
comoared  to  that  value,  the  error  is  9.3%,  amounting  to  0.42  dB. 

*  46-foot  TT&C  Subsystem  Design  Analysis  Report,  WDL-TR  4294,  30  Oct.  1970 
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It  should  be  kept  in  mind  that  the  radiometer  method,  the  calibrated 
receiver  method  described  in  the  following  section,  and  the  statistical 
analysis  of  the  range  measurement  variance  o^»  are  all  methods  of 
comparing  accurately-known  test  signal  power  levels  to  the  unknown 
received  signal  power  levels*  With  the  radiometer  star  flux  serves  as  the 
standard  for  comparison  and  with  the  calibrated  receiver  method  the  test 
signal  is  man-made. 

The  radiometer  can  also  be  used  in  the  "Y-factor"  mode  which  measures  the 
ratio  of  (signal  plus  noise)  to  noise.  This  method  first  measures  the 
system  noise  and  then  measures  the  (S  +  N)/N  ratio  from  which  received 
power  can  be  computed.  Figure  10-3  shows  the  values  of  Y-factor  expected 
with  several  receiver  noise  temperatures  as  a  function  of  antenna  size. 

Low  Y-factors  reduce  the  accuracy,  and  it  is  general  practice  to  avoid  values 
less  than  2  dB,  which  lead  to  errors  in  excess  of  2%  in  power  when  the  error 


in  Y  factor  is  +  0.1  dB 


TEMPERATURE  RISE  (DEG) 


RADIOMETER  PERFORMANCE 
SIGNAL  LEVELS  PER  SS -GPS- 101 
PARAGRAPH  20.8  AND  TABLE  20.8.1 
A  -160  DBW,  1575  1»Z 

B  -166  DBW,  1575  MHZ 

SIGNAL  LEVEL  PER  TRW  MEMO 
DNSDP-MD-252 

C  -171  DBW,  1575  MHZ 
CASSIOPEIA: 

D  1575  MHZ 
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1.3  Calibrated  Receiver  Technique 

The  studies  which  led  to  the  development  of  the  signal  strength  measuring 
technique  described  hereafter  show  that  the  automatic  gain  control 
(AGC)  voltage  developed  in  a  radio  receiver  is  a  predictable  function  of 
the  receiver  input  signal  power.  The  relationship  is  usually  semi logarithmic 
because  of  the  need  to  control  the  receiver  gain  over  wide  dynamic  ranges. 
Experience  in  the  Satellite  Control  Facility  (SCF)  has  demonstrated  the 
practicality  of  the  technique  described  here0 

Figure  10-4  shows,  in  very  much  simplified  form,  the  signal  strength 
measuring  equipment.  The  equipment  consists  of  two  basic  units,  one 
of  which  measures  the  test  signal  power  and  supplies  a  known  fraction  of  the 
measured  power  to  the  receiver  input.  The  other  unit  is  the  control  device 
which  sets  test  signal  levels,  receives  and  stores  the  test 
levels  and  the  receiver  AGC  voltages  which  result  from  the  application 
of  the  known  test  signal  levels  to  the  receiver  input  during  the 
calibration  cycle.  When  the  level  of  an  incoming  satellite  signal  is  to 
be  determined,  the  control  unit  interpolates  the  receiver  AGC  voltage  betwen 
the  two  adjacent  calibration  points  stored  in  its  memory  and  outputs  the 
signal  strength  in  appropriate  units.  The  control  unit  can  be  a 
dedicated  device,  or  its  function  can  be  assumed  by  the  monitor  station 
computer.  If  the  dedicated  device  approach  is  selected,  then  the  SSC  must 
have  an  interface  with  the  MON  computer. 


RECEIVER 
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SOURCE 


POWER 

METER 


POWER  STEP 
CONTROL 


SIGNAL 
STRENGTH 
CALIBR.  & 
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POWER  MEASUREMENTS 


RECEIVER 
INPUT  (dBm) 


AGC 
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The  power  levels  used  to  calibrate  a  radio  receiver  AG C  voltage  in  terms 
of  inptft  power  are  much  lower  than  the  lowest  power  measured  by  even  the 
most  sensitive  RF  power  meter.  The  signal  strength  calibration  unit, 
therefore,  provides  a  large  attenuation  factor  from  the  measured  test 
signal  level  to  the  test  signal  level  applied  to  the  receiver  input. 

Thus  the  signal  can  be  measured  at  levels  between  0  dBm  and  30  dBm,  and 
iriiected  intd'the  receiver  input  port  at  levels  between  -125  and  -155  dBm. 

In  effect,  the  method  calibrates  the  receiver  for  use  as  an  accurate  RF 
power  meter  specifically  adapted  to  measuring  signals  in  its  own  power  input 
range. 

It  is  now  appropriate  to  consider  the  use  of  the  technique  just  described  for 
measuring  the  power  levels  of  spread  spectrum  signals.  The  signals  applied 
to  the  receiver  input  are  far  below  the  system  noise  threshold,  but  after 
the  spectrum  of  such  a  signal  has  been  collapsed  by  the  PN  demodulator  into 
its  original  narrow-band  form,  the  signal  is  processed  in  the  same  way  as  any 
other  signal.  Specifically,  the  narrowband  signal  is  demodulated  by  an  IQ-loop 
demodulator  to  extract  the  50  b/s  data  signal.  The  level  of  the  data  signal 
demodulated  by  a  coherent  anplitude  demodulator  is  an  analog  of  the  input 
signal  slrength,  which  the  receiver  utilizes  as  an  AGC  voltage. 
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The  detail  design  of  the  Type  IV,  continuous  4-channel  receiver  has 
not  yet  been  completed,  and  as  a  result  of  design  constraints  Imposed 
by  the  code  acquisition  and  lock  circuits  the  AGC  characteristic  may 
prove  unsuitable  for  SSC  operation.,  although  the  probability  of  that 
happening  is  low.  In  the  event  that  the  User  receiver  AGC  characteristic 
is  not  amenable  to  SSC  operation  then  an  auxiliary  receiver  having  a 
suitable  AGC  system  must  be  provided.  The  receiver  would  hopefully 
be  able  to  use  the  User  Type  IV  receiver’s  replica  codes  for  spectrum 
compression,  but  again  this  hinges  on  the  low  level  design  details  of  the 
Type  IV  receiver. 

Evaluation  of  the  accuracy  of  prototype  signal  receiver  calibration 
system  was  performed  in  the  SCF  TRACKING  STATION,  NHS.  The  results  are 
presented  in  WDL-TR5123,  20  February  1973,  "Evaluation  of  Signal  Strength 
Calibration  and  Noise  Temperature  Measurement  Equipment.  They  are 
summarized  as  follows: 

Repeatability  over  70  to  -140  dBm  curve, 

24-hour  period.  Overall  measurement 

accuracy  in  a  20  dB  window  +0.7  dB 

20  dB  window  calibration  repeatability 

over  1-hour  period  +0.2  d3 


i 

i 


20  dB  window  calibration  repeatability 

over  24-hour  period  +0.5  dB 

2.0  EVALUATION  OF  SATELLITE  EIRP 

A  preliminary  estimate  of  the  accuracy  with  which  ground  station 
measurements  can  determine  satellite  EIRP  has  been  made  assuming  a 
calibrated  receiver  technique  is  Used.  The  factors  taken  into  account 
are: 

Slant  range  -  accurate  knowledge  of  slant  range  permits  working  back 
to  determine  EIRP  Error  for  range  ■  0. 


Monitor  Station  Radiation  Pattern  -  The  MS  antenna  has  a  radiation 
pattern  which  varies  with  azimuth  and  elevation.  Although  it  would 
be  possible  to  calibrate  the  antenna  gain  within  a  hemisphere,  the 
use  of  a  directional  antenna  pointed  by  the  ULS  slave  bus,  or  physically 
mounted  on  the  ULS  uplink  antenna,  can  provide  better  accuracy.  The 
calibration  is  good  to  +0.3  dB. 


Satellite  Attitude  -  The  effective  satellite  antenna  gain  will  depend  on  the 
location  of  the  monitor  station  in  the  field  of  the  satellite  antenna. 

This  can  be  determined  from  the  satellite's  attitude  and  location  with 
respect  to  the  monitor  station.  Again,  the  actual  value  will  depend  on 
factors,  which  have  not  been  established  yet,  but  which  may  be  amenable  to 
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analysis  at  a  later  date.  In  any  case,  with  four  monitor  stations  observing 


signal  strength  during  a  pass,  there  is  a  good  probability  that  the  EIRP  can 


be  established.  No  firm  assignment  of  error  value  is  possible  for  satellite 


attitude,  but  for  the  purpose  of  preliminary  evaluation  we  can  use  +1.5  dB. 


Test  Signal  Coupling  Accuracy  -  The  coupling  factor  between  the  level  at  which 


the  signal  is  measured  and  that  at  which  it  is  injected  can  be  calibrated 


accurately  by  direct  substitution  of  known  signal  levels  into  the  receiver 


inputs.  Test  signal  injection  at  the  receiver  input  is  less  satisfactory  than 


injection  in  the  signal  path.  The  error  factor  for  coupling  accuracy  is 


assigned  a  value  of  +0.1  dB. 


Radome  Losses  -  Radome  losses  for  dry  weather  conditions  can  be  included  in 


the  calibration  factor  for  test  signal  coupling.  However,  with  rain  and  snow 


accumulations  on  the  radome  it  could  be  necessary  to  recalibrate  the  system. 


Precipitation  -  Losses  due  to  precipitation  are  not  serious  at  L-band,  with  0.02 


dB/km  for  100  mm  per  hour  rainfall  cited  by  "Reference  Data  for  Radio  Engineers, 


Fifth  Edition".  No  assignment  of  error  is  needed  for  preceipitation. 


Receiver  Gain  Stability  -  At  this  time  nothing  is  known  about  the  stability 


of  the  receiver  gain  with  temperature  and  passage  of  time.  The  obvious  effect 


of  gain  variation  will  be  to  diminish  the  time  spans  for  which  a  calibration  will 
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be  considered  valid.  Past  experience  in  SCF  receivers  indicates 
that  the  calibration  should  hold  within  +0.5  dB  over  24  hours.  With 
an  allowance  for  unknowns,  an  error  figure  of  0.5/8  hours  will  be  used  at 
present. 

Code  Correlation  -  The  amplitude  of  the  AGC  is  a  function  of  the  code 
correlation  factor,  and  therefore  it  is  degraded  at  low  signal 
levels  when  the  incoming  code  is  contaminated  by  noise.  The  statistical 
properties  of  the  satellite  code  and  the  receiver  replica  cede  are  also 
factors  which  can  change  the  AGC  voltage  as  a  function  of  incoming  signal 
level.  For  the  present,  however,  the  effects  of  degraded  signal  to  noise 
ratio  will  be  assumed  to  be  the  same  for  the  calibrating  test  signal  as  for 
the  satellite  signal,  ie,  most  of  the  errors  due  to  degraded  SNR  will 
be  calibrated  out.  An  allowance  of  0.5  dB  will  be  assigned  to  residual 
error  due  to  degraded  correlation. 


TABLE  10-1 

SATELLITE  POWER  MEASUREMENT  ACCURACY 


SSC  Stability  over  24  hours 

+0.5 

dB 

Range 

"  0 

Monitor  Antenna  Calibration 

+0.3 

dB 

Coupling  Accuracy,  Test  Signal 

+0.1 

dB 

Randome^^Coss  (Calibrated  out) 

0 

Precipitation 

0 

Receiver  gain  over  8  hours 

+0.5 

dB 

Correlation 

+  1.5 

dB 

TOTAL 

+2.9 

dB 
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If  the  radiometer  method  is  used  in  place  of  the  calibrated  receiver 
method,  receiver  gain  stability  will  not  be  a  factor,  with  an 
improvement  of  0.5  dB,  and  SSC  stability  will  also  disappear,  with  an 
overall  improvement  to  a  total  inaccuracy  of  about  1.9  dB. 

3.0  IMPACT  ON  MONITOR  STATION  DESIGN 

Technique  1,  the  radiometer  receiver,  adds  to  the  MS  all  the  necessary 
equipment  for  received  signal  level  measurement.  The  new  equipment 
requires  one  rack  of  receiver  and  recorder  equipment,  and  a  high  gain 
receiving  antenna.  There  would  be  an  inpact  on  the  site  processor  to 
point  the  antenna  if  the  radiometer  is  not  co-located  with  the  ULS 
where  antenna  slaving  is  required  in  any  case.  The  need  to  track  radio 
stars  creates  an  inpact  on  the  tracking  computer  software,  as  well. 

The  radiometer  equipment  must  be  attended  by  an  operator  who  maintains 
the  L-N2  level,  manipulates  the  receiver  controls,  reads  the  strip 
charts  and  corrputes  the  received  signal  levels. 

Technique  2  requires  interfaces  from  the  User  receiver  in  the  MS  to  the 
calibrating  equipment  and  requires  a  satellite-tracking  antenna  in 
addition  to  the  MS  ommi  directional  ancenna.  There  are  also  interfaces 
with  the  site  data  processor  to  control  and  record  signal  strength,  record 
AGC  levels,  and  perform  look-up  and  interpolation  functions  during  actual 
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measurement  of  incoming  signals. 


The  SSC  head  is  in  a  weatherproof  enclosure  approximately  lxl  l/2x2  feet, 
but  if  need  be,  can  be  made  smaller.  The  size  used  to  date  is  th# 
result  of  packaging  the  unit  in  a  parametric  anplifier  power  supply 
enclosure  mounted  in  the  SCF  antennas  in  the  space  formerly  occupied 
by  the  power  supply.  k The  SSC  unit  in  the  receiver  rack  can  be  packaged 
behind  a  panel  two  rack  units  high  (3  inches),  or  it  can  be  integrated 
into  the  BITE.  The  most  satisfactory  way  to  couple  the  test  signals  into 
the  receiver  is  to  radiate  them  in  the  vicinity  of  the  monitor  station 
antenna. 


This  has  the  advantage  that  it  includes  the  antenna,  coaxial  connectors, 
and  coaxial  tables  in  the  calibration  loop.  It  will  also  tend  to 
calibrate  out  the  effects  of  snow  and  ice  accumulations  on  the  antenna  or 
the  radome.  The  major  disadvantage  is  that  the  space  in  the  vicinity  of 
the  radiator  and  the  monitor  station  antenna  must  be  maintained  constant, 
ie,  no  new  sheet  metal  ducts  on  the  roof,  for  example.  An  anple  ground 
plane  will  be  provided  for  the  antenna  tc  establish  a  constant  environment. 
The  test  signal  may  also  be  coupled  into  the  receiver  via  a  directional 
coupler  inserted  in  the  coaxial  transmission  line  running  from  the  antenna  to 
the  receiver  input  port.  This  method  has  the  advantage  of  constancy  of 
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coupling,  but  iijexcludes  the  monitor  station  antenna  and  surroundings  from 
the  calibration  loop.  Adjustment  and  calibration  of  the  coupling  from 
the  test  radiator  to  the  monitor  station  antenna  is  performed  using 
direct  substitution  of  signal  sourc  is  at  the  receiver  input.  This 
references  the  signal  strength  to  the  input  of  the  preamplifier,  which 
is  then  projected  to  any  other  point  in  the  system. 

The  SSC  head  contains  attenuators  and  directional  couplers  as  well  as 
the  crystal  diode  power  sensor.  The  DC  voltage  produced  ty  the  crystal 
diodes  in  response  to  an  RF  input  power  is  conducted  to  the  SSC  logic, 
where  a  chopper-stabilized  dc  amplifier  raises  the  voltage  to  usable 
levels,  and  an  a/d  converter  digitizes  the  level.  The  resulting 
signal  then  represents  the  receiver  input  levels  plus  the  coupling  factor 
from  the  test  signal  line  to  the  receiver  input.  The  true  receiver 
input  level  is  then  computed  by  summing  the  indicated  test  signal  power 
and  the  coupling  factor.  The  SSC  head  should  be  located  as  near  to  the  test 
radiator  as  practical  to  minimize  the  loss  between  the  measuring  point  and 
the  injection  point  and  hence  the  possible  variation  in  that  loss. 

Each  channel  of  the  four  channel  receiver  produces  an  AGC  voltage  which  is 
the  analog  of  the  signal  strength  in  that  channel.  Each  of  the  AGC 
voltages  is  converted  to  digital  form  with  a  logic  interface  compatible 
with  that  of  the  computer.  The  computer  scans  each  of  the  four  AGC 
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voltages  in  turn,  and  stores  the  values  for  later  use. 


4.0  PROCEDURES 

4.1  Radiometer  Measurements 

The  radiometer  is  assumed  to  be  ready  to  operate,  with  the  loads  at  rated 

temperature.  In  simplified  form,  the  procedure  is? 

1.  Switch  the  input  to  the  reference  (77  K)  load  and  record  noise 
temperature  or.  strip  chart. 

2.  Switch  the  input  to  the  calibrate  (120  K0  load,  and  record  noise 
temperature. 

3.  Direct  the  antenna  to  sky  adjacent  to  a  radio  star,  but  far  enough 
off  that  star  noise  does  not  appear  in  the  receiver  input. 

4.  Record  the  background  noise  tenperature. 

5.  Direct  the  antenna  so  the  radio  star  is  on  axis  and  maximum  power 
is  received. 

6.  Record  the  star  noise  temperature  on  the  strip  chart. 

7.  Direct  the  antenna  to  a  satellite  and  repeat  steps  3  to  6. 

8.  Compute  satellite  received  flux  by  comparison  with  flux  received  from 
known  radio  star. 
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The  calibrated  receiver  technique  can  be  operated  with  no  human  attendance., 

The  simplified  steps  in  making  the  measurement  are: 

1.  Generate  a  test  PN  signal  and  radiate  it  into  the  station  antenna# 

2.  Set  the  test  signal  level  to  the  maximum  expected  signal  strength 

3.  After  PN  code  acquisition  measure  signal  power  and  AGC  voltage# 

4.  Store  Pr  and  Vagc  in  alook-up  table  in  the  processor. 

5.  Reduce  test  signal  level  by  approximately  1.0  dB 

6.  If  AGC  voltage  changes,  go  to  step  3.  If  no  change,  end  calibration 
and  return  to  normal  reception. 

7.  To  measure  Pr^  measure  AGC  voltage  and  look  up  in  table. 

8.  Interpolate  to  determine  incoming  signal  strength. 

5.0  SIMM  ARY  OF  SIGNAL  POWER  MEASUREMENT  TECHNIQUES 
There  are  at  least  three  ways  in  which  satellite  power  at  the  ground 
station  can  be  measured:  Radiometer,  calibrated  receiver  and  code 
correlation  variance  analysis.  Either  of  the  former  two  can  determine 
signal  power  to  within  0.5  to  1.0  dB  accuracy.  The  latter  method  has 
not  yet  been  investigated  with  GPS  in  mind.  The  measurement  of  received 
power  still  leaves  many  unknowns  to  be  evaluated,  such  as  transmitting  antenna 
gain  toward  the  receiving  station,  path  anomalies,  and  others,  in  order  to 
obtain  an  accurate  measure  of  the  transmitted  EIRP. 


DOCUMENT  CONTROL  DATA  -  R  &  D 

(Security  claaalficat’on  of  till*,  body  of  abtfracf  and  indexing  annotation  must  b a  anterad  whan  the  ovarall  raport  la  claaalilad 


l  ORIGINATING  ACTIVITY  (Corpora t*  author) 

Philco-Ford  Corp  Western  Development 
Laboratories  Division 
Palo  Alto,  CA  94303 


REPORT  TITLE  ..  - - - - - - —  n.,, _ _ 

Global  Positioning  System  (GPS), 


2a.  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


2b.  CROUP 


Global  Positioning  System 

Part  II#  Volume  C.^Control  Segment  Trades  and  Analyses  . 


28  Feb  74 


flnj  numbers 


10.  Ol  STRIBUTION  STATEMENT 

Distribution  Statement  B 

II-  SUPPLEMENTARY  NOTES 

1  < ■  sryiNJo mnii  mili  i*m  mw  ■  ■  JITY 

Space  and  Missile  Systems  Organization 
Los  Angeles,  Calif  90009 

lL'  a,.  /  •' 

Provides /description  of  control  segment  trade-offs.,  addressing  number  and  location 
of  master  control  and  monitor  stations,  upload  facility  and  use  of  existing 
capabilities. /^Describes  techniques  to  process  and  analyze  data  to  maintain  the 
test  conditions.'"-^ 

\  'W 


7// 


UNCLASSIFIED 

Security  Classification 


KEY  WORDS 

Global  Positioning  System 
Control  Segment 
Orbit  Configuration 
Telecommunications  Cost 
Master  Control  Station 
Satellite  Test  Center 
Monitor  Stations 

Reference  Ephemeris  Determination 
Ephemeris  and  Clock  Processing  &  Simulations 
Signal  Power  Monitoring 


i 


